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1  LIGNOCELLULOSIC BIOMASS AS RENEWABLE RESOURCE FOR 
ENERGY, BIOFUELS AND BIOBASED CHEMICALS
The global energy demand has shown an exponential growth curve in the last century. 
The main factors are the growth in world population (which already exceeds 7 billion) 
and an ever increase in welfare levels. The annual global energy consumption in 2010 
was estimated at 12002 Mtoe (megatonnes of oil equivalent), which equals 503 EJ [1]. 
This value is expected to increase by one-third between 2010 and 2035 [2]. Currently, 
most of the energy originates from fossil resources like crude oil, gas and coal. The high 
energy demand and limited fossil fuel supply have recently led to oil prices exceeding 
100 USD/barrel. The extensive use of fossil fuels has resulted in an increase in CO2 
levels in the atmosphere. Without further action, the International Energy Agency 
(IEA) predicts that CO2 emissions will increase from 30.4 Gigatonnes (Gt) in 2010 to 
36.4 Gt in 2035. Climate models predict that this may lead to an increase in the average 
global temperature of up to 3.5 oC compared to the pre-industrial era.
As a result, interest in renewable energy sources (like solar, wind, and geothermal 
energy), and the use of biomass has increased rapidly in the last decades. It is 
anticipated that solar and wind energy may replace fossil fuels for heating and electricity 
generation. Replacements of gasoline, diesel and jet fuel in the transportation sector 
by renewable resources are more of a challenge. For short distance transport, the use of 
green electricity may convenient, though is not an option for air transport and heavy 
long distant transport. As such, part of the transportation fuel sector likely will require 
renewable carbon-based fuels. For this purpose, the use of biomass-based renewable 
transportation fuels is very attractive. The available technologies for renewable fuels 
from biomass are depicted in Fig. 1. 
Currently, first generation biofuels such as bioethanol from sugar/starch crops and 
biodiesel from oil bearing seeds are commercialised and the products are available on 
the market. However, ethical issues (food versus fuel discussion) have slowed down 
the introduction and use of these first generation biofuels. For this reason, the use of 
lignocellulosic biomass (also known as woody biomass) as a non-food carbon resource 
has attracted considerable attention. Examples of lignocellulosic biomass are wood and 
agricultural residues like straw, grass, nuts and corn stover.
The exact composition of lignocellulosic biomass depends on the resource, but it 
always comprises cellulose (around 40 wt%), hemicellulose (around 25 wt%), and lignin 
(around 20 wt%), see Table 1 for details. Cellulose is a high molecular weight polymer 
consisting of glucose monomers. The composition may be represented by (C6H10O5)n 
with n = 500 – 4000. Cellulose is present as bundled fibres that give strength to the 
plant/tree. Hemicellulose consists of C6 and C5 sugars and has a much lower average 
molecular weight than cellulose. Hemicellulose acts as glue for cellulose bundles [3, 
4]. Lignin is a three-dimensional network of highly branched and substituted aromatic 
molecules and is (covalently) bound to the hemicellulose fraction. 
A wide range of technologies is available for the conversion of lignocellulosic 










can be divided into thermochemical processes (gasification, pyrolysis and liquefaction) 
and low temperature processes (hydrolysis, fermentation, and anaerobic digestion). 
Biomass gasification aims for the production of syngas (primarily a mixture of CO and 
H2), a valuable precursor for liquid fuels by for instance the Fischer-Tropsch process. 
The low temperature pathways are aimed at the production of mainly bioethanol and 
methane. Hydrolysis products may not only be used to generate biofuels, but also have 
high potential for the production of biobased chemicals [6]. 
Figure 1 Overview of conversion processes for plant materials into biofuels. Reproduced with 
permission [3].
Table 1 Typical cellulose, hemicellulose, and lignin contents in various agricultural residues [5]
Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood stems 40-55 24-40 18-25
Softwood stems 45-50 25-35 25-35
Nut shells 25-30 25-30 30-40
Corn cobs 45 35 15
Grasses 25-40 35-50 10-30
Paper 85-99 0 0-15
Wheat straw 30 50 15
Sorted refuse 60 20 20
Leaves 15-20 80-85 0









This thesis deals with the conversion of lignocellulosic biomass into liquid 
transportation fuels by fast pyrolysis followed by catalytic hydrotreatment and refining. 
During fast pyrolysis, lignocellulosic biomass is rapidly heated in the absence of oxygen 
to elevated temperatures (typically 500 oC). Biomass decomposes rapidly into mostly 
vapours and aerosols, and some char and non-condensable gases. The residence time 
of the vapour is 2 s or less to avoid repolymerisation of vapour phase components. 
Afterwards, the vapours are rapidly quenched to maximise the liquid yield. The result 
is a dark brown, viscous liquid known as “fast pyrolysis oil” (or bio-oil) that can be 
used as a green combustion fuel or as an intermediate product for further conversions 
(e.g. hydrotreatment). Fast pyrolysis oil may be viewed as liquefied lignocellulosic 
biomass with the advantages that it is more easily transported than the original solid 
biomass and contains less ash. Therefore, a pyrolysis plant is ideally located close to the 
lignocellulose production site (production forests, agricultural area). 
2 FAST PYROLYSIS OIL AS AN ENERGY CARRIER
Fast pyrolysis oil is a dark brown, viscous liquid with a pungent odour. Visually it has the 
same appearance as vacuum gas oil (VGO) although its composition differs considerably. 
Fast pyrolysis oil has high moisture and oxygen content compared to VGO, see Table 2 for 
details. In addition, fast pyrolysis oil also contains considerable amounts of organic acids 
(4.2 - 6.8 wt%) [7, 8], resulting in TAN values (total acid number) typically greater than 100 
mg KOH/kg. For comparison, crude oils have TAN values of less than 2 mg KOH/kg [9]. The 
high oxygen content of the fast pyrolysis oil makes the oil more hydrophilic than a typical 
fossil oil and leads to an energy content of about half the value of crude oil. Furthermore, the 
oils are known to have a limited storage stability and excessive coke formation is observed 
when the oil is heated. Other characteristics of fast pyrolysis oil are given in Table 3 [4].
Table 2 Typical properties of lignocellulosic fast pyrolysis oil and heavy fuel oil 
Physical properties Pyrolysis oil Heavy fuel oil [10]
Moisture content, wt% 15 – 35 0.1
pH 2.2 – 3.5 -
Specific gravity 1.2 940
Elemental composition, wt%
C 54 – 58 85
H 5.5 – 7.0 11
O 35 – 40 1.0
N 0 – 0.2 0.3
Ash 0 – 0.2 0.1
HHV, MJ/kg 16 – 19 40
Viscosity (at 50 oC, cP) 20 – 100 180
Solids, wt% 0.01 – 1 1










The direct use of fast pyrolysis oil as a liquid transportation fuel is highly unlikely 
due to the properties described above. Blending with fossil fuels is also a challenge 
due to the poor miscibility. Emulsified systems have been developed, but their 
performances in diesel engines were not satisfactory [11, 12]. A better approach is 
chemical upgrading of the fast pyrolysis oil to either a drop-in hydrocarbon fuel or a 
stabilised intermediate product that can be applied as a refinery feed.
To be used as a refinery feedstock, the upgraded product should have i) a lower 
polarity than fast pyrolysis oil to increase the miscibility with fossil fuels, and ii) a higher 
thermal stability to avoid coking in feed lines and reactors as the refinery processes 
are performed at elevated temperatures. As the polarity and thermal instability of the 
pyrolysis oil are usually attributed to the presence of oxygenates (including organic 
acids) in the pyrolysis oil, the main objective of the upgrading studies is to remove 
reactive oxygen containing molecules. Total removal of oxygenates from pyrolysis oil 
is, however, not necessary. The presence of a small amount of oxygen in the fuel may 
even be advantageous as it is known to improve the combustion process, leading to 
reduced soot formation [6]. 
A number of catalytic and non-catalytic fast pyrolysis oil upgrading processes have 
been proposed. These can be classified in low temperature and elevated temperature 
processes. Low temperature upgrading approaches include reactive blending with 
Table 3 Characteristics of fast pyrolysis oil [4]
Characteristic Cause Effects
Acidity/low pH Organic acids from biopolymer
Degradation
Corrosion of vessels and pipework
Aging Continuation of secondary 
reactions, including 
polymerisation
Slow increase in viscosity, solids 
formation 
Presence of small  
char particles
Incomplete char separation in 
the process





Poor distillability Reactive mixture of 
degradation products
Limits applicable separation 
technologies
Low H/C ratio Biomass feed has low H/C ratio Upgrading to hydrocarbons requires 
considerable increase in H/C ratio
Incompatibility with  
other materials
Presence of a.o. phenolics  
and aromatics
Negative effects on seals and gaskets
Miscibility with 
hydrocarbons is very low
Highly oxygenated nature  
of pyrolysis oil
Immiscible with hydrocarbons so co-
processing in a refinery is more difficult
High water content Pyrolysis reactions, feed water Complex effect on viscosity and stability 
High water content lowers heating 










alcohols [13] and solvent addition [4]. Processes at elevated temperatures include: i) a 
non-catalytic high pressure thermal treatment (HPTT) [14, 15], ii) upgrading by cracking 
using zeolites as catalysts [16, 17], and iii) catalytic hydrotreatment (also known as HDO 
– hydrodeoxygenation). The main differences between the three elevated temperature 
processes are summarised in Table 4. The main advantage of catalytic hydrotreatment is 
low coke formation [18-23], leading to less operational issues and lower carbon losses. 
Table 4 Thermal processes for pyrolysis oil upgrading [15, 24]
HPTT Zeolite cracking Hydrotreatment/HDO
Temperature (oC) 200-350 300 – 600 250 – 400
Pressure (bar) 150 – 300 No 100 – 300 bar
Catalyst No Yes Yes
Coke formation High High, 26 – 39 wt% Low, < 5 wt%
3  FAST PYROLYSIS OIL UPGRADING USING THE BIOLIQUIDS 
REFINERY CONCEPT
A “bioliquids refinery” is an integrated process where biofuel, heat, power, and 
bio-based chemicals are produced from biomass in a highly energy- and material 
efficient manner [25]. The concept is shown in Fig. 2 and may also be applied for 
the valorisation of fast pyrolysis oil [26]. In this approach, the fast pyrolysis oil is the 
feed for a bioliquids refinery unit and is converted to a range of biobased chemicals, 
transportation fuels, heat, and power. Fast pyrolysis oil contains a high level of various 
oxygenates, and some of them are actually existing bulk chemicals with high economic 
value. Examples are organic acids (e.g. acetic, formic, and glycolic acids) that can be 
recovered from the pyrolysis oil or pyrolysis oil fractions in the biorefinery Scheme. 
Other interesting components are phenolics and aldehydes like hydroxyacetaldehyde, 
a precursor for monoethylene glycol.
The development of a fast pyrolysis oil bioliquids refinery was also the main objective 
of the European 6th Framework project BIOCOUP [28]. The focus of the project was 
on fast pyrolysis oil upgrading to an intermediate product suitable as a co-feed in 
existing oil refineries, in combination with recovery/production of valuable chemicals 
(Scheme 1). The work performed by University of Groningen was part of Sub-project 2 
(SP2, deoxygenation of pyrolysis oil), with the main task to perform catalyst screening 
studies and to obtain a deeper insight in the chemical reactions occurring during 














































































4  FAST PYROLYSIS OIL UPGRADING BY CATALYTIC 
HYDROTREATMENT 
Catalytic hydrotreatment is a process where a liquid feed is reacted with hydrogen and 
a catalyst at elevated temperature and pressure. For fast pyrolysis oil, the main objective 
is to remove reactive oxygenates from the oil to increase the stability and reduce the 
acidity. The catalytic hydrotreatment of fast pyrolysis oil is typically carried out in a 
batch, slurry, or packed bed reactor. Relatively long reaction times in batch reactors 
(typically 4 hours) or low space velocities in continuous reactors (0.2 – 0.5 kgPO/kgcat.h) 
are required for considerable reductions in the oxygen content. 
Catalytic hydrotreatment of fast pyrolysis was initially thought to resemble 
hydrodesulphurisation (HDS), an established process to reduce the sulphur content of oil 
refinery streams. The objective of the hydrotreatment reaction is to remove heteroatoms 
from the oil, O in case of fast pyrolysis oil and S in case of fossil feeds, to form water and 
H2S respectively. A simplified reaction equation for the hydrotreatment of fast pyrolysis 
oil is given in Eq. 1, where “CH2” refers to unspecified hydrocarbons [24]
(1)
In the following sections, typical catalysts for the hydrotreatment reactions, 
characterisation of the upgraded oils, and chemical reactions occurring during the 
upgrading processes will be discussed.
4.1 Catalyst studies on fast pyrolysis oil hydrotreatment
The identification of highly active and stable catalysts for fast pyrolysis oil upgrading 
by catalytic hydrotreatment has been the objective of various studies (Table 5). Most 
studies have been performed with heterogeneous catalysts mainly because they can 
be reused and regenerated more easily than their homogeneous counterparts. HDS 
Scheme 1 Overview of the BIOCOUP project [28]. University of Groningen (RUG) is involved in SP2 










catalysts (NiMo, CoMo on γ-Al2O3) and noble metal catalysts have been widely used. 
Other types of catalysts have also been suggested but these were mainly studied for the 
hydrodeoxygenation of pyrolysis oil model compounds and not of actual fast pyrolysis 
oil (Table 5). Phenolic model compounds like guaiacol and anisole are favoured for 
these model studies as these are the most persistent and difficult to deoxygenate.
Catalytic hydrotreatment typically results in a gas phase (typically 10 wt%), an 
aqueous phase (typically 30 - 60 wt%), and an organic phase (typically 30 – 50 wt%) 
[19]. The latter will be referred to as product oil. The product oil has a lower oxygen 
content than the original pyrolysis oil. The yield of the product oil and the oxygen 
content of the product oil are commonly used to evaluate and select promising catalysts. 
4.1.1 Catalyst performance criteria
Catalyst activity is usually defined as the moles of a reactant converted per gram of 
catalyst (or per active site) for a certain reaction time. For the catalytic hydrotreatment 
of pyrolysis oil, this definition cannot be used as the exact molecular composition is 
not known. Mortensen [26] introduced a combination of degree of deoxygenation 
(Eq. 2) and oil yield (Eq. 3) to evaluate catalysts. 
(2)
(3)
Joshi et al. [29] measured the hydrogen consumption to assess catalyst performance 
and introduced the extent of HDO (Eq.4) and space-time hydrogen consumption (STC) 
as catalyst performance indicators (Eq. 5). In Eq. 4, the theoretical hydrogen consumption 
for complete oxygen removal is based on reaction stoichiometry as given in Eq.1. 
(4)
(5)
In the next section, the performance of non-sulphided catalysts for HDO of model 
compounds is also discussed. For these catalysts, the performance is represented by the 































































































































































































































































































































































































































































































































































































































































































































































































Early studies on the catalytic hydrotreatment of fast pyrolysis oil were performed 
with hydrodesulphurisation catalysts (sulphided NiMo and CoMo on γ-Al2O3). 
Deoxygenation levels up to 100 % are reported [31]. The active sites of the catalyst 
are sulphur vacancies on the edge of MoS2 slabs [42]. These sites have a Lewis acid 
character, thus can adsorb molecules with electron rich functional groups and are 
active for both HDS and HDO [43, 44]. The promotion of Ni or Co replaces part of the 
Mo atoms in the slab edge, and increases the adsorption capacity of the vacancy sites. 
The adsorption of on unpromoted and promoted MoS2 obtained by density functional 
theory calculations (DFT) is given in Figure 3 [44].
Figure 3 Adsorption modes of methylpropanoate on MoS2 and NiMoS, where the interaction takes 
place between: (a) C=O and 2 Mo sites of MoS2, (b) C – O – C and 2 Mo sites MoS2, (c) C=O and 
Mo of NiMoS, (d) C – O – C and Mo of NiMoS, (e) C=O and Ni of NiMoS, (f) C – O – C and Ni of 
NiMoS. Relevant distances are reported in Å. Color legend: Mo is represented by blue sticks, Ni by 
brown sticks, S by yellow sticks, C by gray sticks, O by red sticks, H by white sticks. Reproduced with 









Although NiMo and CoMo/ γ-Al2O3 have proven to be active HDO catalysts, they 
need a continuous supply of sulphur-containing compounds to remain active which 
makes them less attractive hydrotreatment catalysts [45]. Besides HDS catalysts, noble 
metal catalysts (Ru, Pd, Pt) showed good performance compared to HDS catalysts. For 
instance, Wildschut et al. [22] performed hydrotreatment studies at 350 oC and 4 h 
using Ru/C, Pd/C, and Ru/TiO 2 catalysts, and obtained higher oil yields and products 
with a lower oxygen content than for NiMo and CoMo on Al2O3. Improved activity 
of noble metal catalysts (Pd/C) was also observed by Elliott et al. [33]. Noble metal 
catalysts were also reported to produce less coke than sulphided catalysts [46].
Mechanism aspects regarding the use noble metal catalysts for hydrodeoxygenation 
reactions are under development and considerable research will be required. So far, 
detailed reaction pathways have only been established for model compounds. Chen 
et al. [47] reported that Ru/ZrO2 is selective for C-C cleavage reactions when using 
propanoic acid and less selective for C=O hydrogenation. Rh was reported to be 
selective for the C=O hydrogenation of guaiacol [48], but should be combined with 
a highly acidic support (SiO2-Al2O3) to aid C-O bond cleavage. Yakovlev et al. [49] 
suggested that the first step involves activation of the oxygenated compounds by the 
oxidic supports, followed by hydrogenation at the active metal site. 
Even though noble metal catalysts show promising activities, their high costs 
make them less attractive for commercialisation. This stimulated research to the 
identification of cheaper catalysts, although so far these have only been performed on 
model compounds. Table 6 shows the catalysts tested for hydrodeoxygenation of model 
compounds for fast pyrolysis oil with an emphasis on model compounds for the lignin 
fraction (guaicol, anisole). 
Ni has been applied in a significant number of HDO studies due to its high hydrogenation 
capacity [50]. Shi et al. [51] reported that Ni on HZSM-5 is a good catalyst for HDO 
reactions and they reported synergistic effects. Ni contents higher than 3 wt%, though, 
led to reduced activity, rationalised by assuming blockage of the acidic sites of HZSM-5 by 
Ni. Hydrogenation of the aromatic rings was also observed [49]. Zhao et al. [52] applied a 
Raney-Ni catalyst in combination with a highly acidic Nafion/SiO2 support for the HDO of 
4-n-propylphenol in water and reported that Ni was very effective for hydrodeoxygenation 
but rather inactive for hydrogenation of the aromatic rings. Yakovlev et al. [50] developed 
Ni and Ni-Cu based catalysts. Cu addition was shown to lower the reduction temperatures 
for Ni(II) to Ni(0) and prevented methanation at high temperatures. The catalysts were 
shown to be active for the hydrodeoxygenation of guaiacol. 
Besides Ni, other transition metals like Co, Mo and Fe have also been tested. Zhao 
et al. [53] investigated the activity of various metal-phospor catalysts on silica, and 
found that the activity for HDO of guaiacol followed the order Ni2P/SiO2 > Co2P/SiO2 
> Fe2P/SiO2. Monnier et al. [50] developed various metal nitride catalysts, and reported 
that the HDO activity of Mo2N/γ-Al2O3 was higher than WN/γ-Al2O3 and VN/γ-Al2O3, 
as the latter two catalysts favour decarboxylation and decarbonylation over HDO. 
































































































































































































































































































































































































































































































































































































































































































































the HDO of various oxygenates. These catalysts were reported to have a high number 
of coordinative unsaturated sites resulting in a high hydrogen adsorption capacity. 
The presence of Brønsted acid sites was shown to be important for the deoxygenation 
reaction as they activate the C=O bonds.
To summarise, non-noble metal, non-sulphided catalysts for hydrotreatment of pyrolysis 
oil have been suggested, but further actual testing is required to assess their true potential.
4.1.3 Support effects
The catalyst supports are expected to have a major effect on catalyst performance. 
The presence of water and organic acids in combination with the harsh conditions 
for catalytic hydrotreatment may cause dramatic changes in the support structure 
and integrity. For example, γ-Al2O3, a typical support for HDS catalysts, may undergo 
phase change at elevated temperatures in water to form boehmite, a crystalline phase 
of aluminium oxide. Boehmite has a lower specific surface area compared to γ-Al2O3. 
Moreover, water may also partially oxidise the nickel sulphide phase in NiMo/γ-Al2O3, 
resulting in loss of initial activity (2/3 in less than 60 h) [61].
The acidity of the support should also be considered. γ-Al2O3 is known to have Lewis 
acidic sites [50]. Furimsky [43] reported that the acid sites in sulphided HDS catalysts 
lead to hydrocracking and may promote carbon deposition on the catalyst through 
dehydration of organic compounds. Therefore, neutral supports like carbon seem to be 
more promising. For fast pyrolysis oil upgrading, carbon has been used as a support for 
noble metal catalysts (Pd, Ru, Pt) [24]. However, as carbon-supported catalysts cannot be 
regenerated by oxidation, their application for large-scale hydrotreatment seems limited. 
Nearly neutral oxides like SiO2 [63] are therefore attractive supports. ZrO2 and TiO2 
are both acidic, but they possess less acidic sites compared to γ-Al2O3 [64, 65]. ZrO2 is 
attractive as it has both acidic and basic properties that can prevent coke deposition [65]. 
4.2 Characterisation of hydrotreatment products
Characterisation of fast pyrolysis oil and the hydrotreatment products thereof is a 
challenge due to the high number of individual compounds present. Many techniques 
have been suggested and the most relevant ones will be discussed here. Two distinctly 
different techniques can be classified into two groups: those to gain insights in 
molecular aspects like the type and amounts of individual components and those 
to assess macro properties like elemental composition and physical properties like 
viscosity and solubility in hydrocarbons. 
The molecular compositions before and after the hydotreatment reaction are of 
interest to gain insights in the reactivity of various compound classes and to unravel 
reaction pathways during the upgrading process. A major complication is the presence 
of both low molecular weight compounds and higher molecular weight compounds, 
which necessitates the use of various analytical techniques. GPC (Gel permeation 
chromatography) gives valuable insights in the higher molecular weight fraction. 
However, GPC should be used for comparative purposes only and not for absolute 










developed yet for fast pyrolysis oil [41, 62]. Due to the presence of higher molecular 
weight components, analyses by GC-MS/FID and 2D GC-FID [63] are hampered as only 
the volatile fraction of the oil can be identified using these techniques. In addition, due 
to the high number of individual components in both the feed and product, it is difficult 
to gain insights in the reaction pathway of each individual compound. Therefore, the 
compounds are often grouped based on the functional groups (acids, phenolics, etc) [64].
1H- and 13C-NMR have also been used to probe the various functional organic groups 
in fast pyrolysis oils [65, 66]. It also allows for quantification of monomeric and oligomeric 
sugar fragments that are difficult to identify and quantify with conventional GC techniques. 
An alternative approach to identify the functional groups in thee pyrolysis oil is solvent 
fractionation of the fast pyrolysis oil feed and the hydrotreatment products, see Fig. 4 for 
details [7, 67]. This method separates the oils into a number of fractions: extractives, sugars, 
ether-solubles, LMM (low molecular mass) lignin, and HMM (high molecular mass) lignin. 
Each fraction can be analysed further with analytical techniques like GC-MS/FID, 2D-GC 
or GPC. An example of the use of this technique for the characterisation of pyrolysis oil 
and a typical hydrotreatment product is given in Fig. 5. After hydrotreatment, the water 
content has increased due to HDO reactions. The sugar content decreased, indicating the 
high reactivity of this fraction, whereas the LMM lignin/ extractives content increases 
considerably due to the formation of more nonpolar components.
Acidity is a critical product property of both fast pyrolysis oil and hydrotreated 
products. A useful measure for acidity is the TAN (total acid number), a well-known 
measure to determine the acidity of fossil fuels [9]. It involves the titration of a sample 
with KOH. The TAN analysis should be applied with caution for pyrolysis oil due to 
the presence of compounds other than organic acids that also react with KOH, like 
alcohols and phenolic compounds [68]. CE (Capillary Electrophoresis) is a very 
suitable technique to determine and quantify organic acids in aqueous samples, for 
instance the water phase after a solvent fractionation. GC-MS/FID can also be applied 
Figure 4 Solvent fractionation Scheme developed by VTT [67]. KF = Karl-Fischer, CE = Capillary 









to determine the acid content, though derivatisation is required for quantification of 
the amounts of formic acid [69]. 
The elemental composition (C, H, O, N) of the upgraded products and particularly 
a comparison with the composition of the feed gives insights in the changes in 
composition during fast pyrolysis oil upgrading and the molecular processes taking 
place during the hydrotreatment. This is nicely illustrated by a Van Krevelen plot [70], 
a graph where the molar O/C ratio is plotted on the y-axis and molar H/C ratio on the 
x-axis (Fig. 6). Hydrogenation, for example, will result in an increase in the H/C ratio, 
while dehydration (a typical pathway in non-catalytic pyrolysis upgrading) will lead to 
a decrease in both the H/C and O/C ratios. 
Figure 5 Composition of pinewood 
pyrolysis oil according to the solvent 
fractionation method developed by VTT 
[67]. Hydrotreatment was performed 
with Ru/C catalyst in fixed-bed reactors-
in-series, with gradual increase of 
temperature, from 175 oC in the inlet to 
325 oC near the outlet.
Figure 6 Van Krevelen plot for catalytic and non-catalytic thermal processing of pyrolysis oil. The data 










Determination of relevant product properties is of high importance to gain insights in 
the potential and performance of the product oils for co-feeding in oil refineries. In this 
respect, a low viscosity is desirable to facilitate transportation. Thermal stability is also 
important and the Conradson Carbon Residue, CCR (or MCR, Micro Carbon Residue) 
analyses has been applied to obtain a measure for the thermal stability of hydrotreatment 
products and mixtures thereof with fossil feedstocks (e.g. Long Residue) [23]. 
4.3 Hydrotreatment pathways and severity efffects
Catalytic hydrotreatment was initially assumed to be mainly a hydrodeoxygenation 
reaction, as depicted in Eq. 1. However, this is a strong simplification and in practice 
not only hydrodeoxygenation but also re-polymerisation, (hydro-) cracking, 
decarbonylation/decarboxylation and methanation occur to a considerable extent and 

















































To gain a better understanding of pathways occurring at during catalytic hydrotreatment 
of pyrolysis oils, Wildschut et al [71] and Gagnon and Kaliaguine [41] performed 
hydrotreatment reactions at various reaction times (0.5 – 6 h) and temperatures. The 
products were analysed with a range of techniques (e.g. elemental analysis and GPC). 
To gain more understanding in major pathways occurring at various process 
conditions, Wildschut et al [71] and Gagnon and Kaliguine [41] performed 
hydrotreatment reactions at various reaction times (0.5 – 6 h) and temperatures. The 
products were analysed with a range of techniques (e.g. elemental analysis and GPC). 
Gagnon and Kaliguine [41] performed a two-stage hydrotreatment of vacuum 
pyrolysis oil in a batch reactor set-up. It involves a first stage hydrogenation at low 
temperature (40 – 120 oC) with Ru/γ-Al2O3, and a second stage hydrodeoxygenation 
at higher temperature (325 oC) with a NiO-WO3/γ-Al2O3 catalyst. This study showed 
that the hydrogenation of the mono- and oligosaccharides started at temperature 
of 80 oC and was complete after about 1 h of reaction. Stabilisation at higher 









temperature was not recommended as it promotes polymerisation, which has a 
negative effect on the deoxygenation reactions in the second step. During the second 
step (hydrodeoxygenation), the molecular weight of the oil increased rapidly when it 
was heated up to 325 oC. Only at prolonged reaction times did the molecular weight 
decrease, an indication for the occurrence of hydrogenolysis/hydrocracking reactions. 
Wildschut et al. [71] performed hydrotreatment reactions with Ru/C as the catalyst 
(5 wt% Ru) at 350 oC and 200 bar, and evaluated relevant product characteristics 
and properties (1H-NMR, solvent fractionation, and elemental analyses) after 1 – 6 
h reaction times. In the initial phase of the process, dehydration is evident from the 
low O/C and H/C ratios of the product oil (Fig. 8). This is likely due to either thermal 
re-polymerisation and other chemical reactions of low molecular weight compounds 
(e.g. alcohol dehydration). Solvent fractionation showed that most of the sugar 
fraction was converted after 1 h, most probably initially to polyols, and subsequently 
to hydrocarbons [72]. This confirms the statement from Gagnon that complete sugar 
hydrogenation occurs during the first hour of reaction.
At elevated reaction times, the H/C ratio of the product oil increases, an indication 
for hydrogenation reactions. The oxygen content increased at longer reaction times, 
probably due to the transfer of components with high O/C ratio from the water phase 
to the organic phase. Hydrocracking became significant at longer reaction times of 
4 – 6 h, resulting in a reduction of the product oil yield due to production of gas phase 
components (e.g. methane). 
From these studies, the following conclusions on relevant hydrotreatment pathways 
can be drawn, i) thermal polymerisation/HPTT is a fast reaction and becomes important 
at about 100 oC, ii) hydrogenation/stabilisation at low temperature is recommended 
to prevent excessive polymerisation, iii) an active catalyst is required to ensure that 
repolymerisation in the initial stage does not occur to a significant extent.




































This thesis describes an experimental study on the catalytic hydrotreatment of fast 
pyrolysis oil using heterogeneous catalysts. It is divided into two sections. The first part 
involves a detailed study on the effects of process conditions (reaction times, temperature) 
on important process variables (product yields, hydrogen uptake, coke)) as well as relevant 
product properties and molecular composition of the product oils using a commercially 
available Ru/C as the model catalyst. The objectives of this part are to establish product-
process relations and gain insights in the extent of the reactions given in Fig. 7. 
The second part involves an exploratory catalyst screening study to identify cheap, 
active and stable catalyst for the catalytic hydrotreatment of fast pyrolysis oil. This 
study was performed in close collaboration with the Aalto University and the Boreskov 
Institute of Catalysis. 
In Chapter 2, stabilisation of fast pyrolysis oil by performing a catalytic hydrotreatment 
at relatively low temperatures (175 – 275 oC) with a commercial Ru/C catalyst in 
a continuous set up isare described. The results are compared with those obtained 
from a non-catalytic process (HPTT). During this non-catalytic reaction, undesired 
repolymerisation is, high pressure thermal treatment). Relevant product properties 
and the composition of the products were determined and evaluated. The mass balance 
and the composition of the products were evaluated. Based on the experimental data, a 
reaction network consisting of two major reaction pathways was proposed.
Chapter 3 deals with a catalyst screening study on fast pyrolysis oil hydrotreatment in a 
batch set-up using mono- and bimetallic noble metal catalysts (Rh, Pd, Pt, and combinations 
thereof, total metal contents of 0.5 wt%) on a ZrO2 supports. The catalysts were selected on 
the basis of their performance for the hydrodeoxygenation of a model component (anisole). 
Mass balances were determined and relevant product properties were assessed. 
In Chapter 4 the use of Ni-Cu catalysts on a δ-Al2O3 support for the catalytic 
hydrotreatment of pyrolysis oil in a batch set-up is described. Catalysts with various 
Ni/Cu contents were tested for the hydrotreatment of both anisole and pyrolysis 
oil. Synergetic effects of Ni and Cu were probed by comparing the hydrotreatment 
performance of the bimetallic catalysts with that of the monometallic catalysts. A 
commercial Ru/C catalyst was used as the benchmark.
The effect of support composition on catalyst performance of bimetallic NiCu 
catalysts is discussed in Chapter 5. Catalysts based on CeO2-ZrO2, ZrO2, SiO2, TiO2, 
rice husk carbon, and Sibunite were prepared and catalyst performance was assessed 
for pyrolysis oil in a batch set-up. 
The synthesis and application of highly active Ni-based Picula catalysts is discussed 
in Chapter 6. The catalysts contain high active metal contents (32.5 – 64.9 wt%) are 
synthesised with various oxides as the textural agents (SiO2, kaolin, ZrO2, La2O3). The 
activity of these catalysts was determined and compared to that of the Ru/C benchmark. 
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A processing route for the conversion of (non-food) biomass (residues) to transportation 
fuels is proposed. It includes a pretreatment process by fast pyrolysis, upgrading of 
the oils produced to a more crude-oil like product, and finally co-refining in existing 
refineries. This paper attributes to the understanding of pyrolysis oil upgrading. At 
temperatures up to 250 oC (in the presence of H2 and catalyst), parallel thermal a well 
as catalytic reactions take place, indicated by polymerisation (demonstrated by an 
increased molecular weight of the products), decarboxylation (limited CO2 production) 
and hydrogenation. Water is produced in small quantities (approx. 10 wt% extra), caused 
by polymerisation as well as by dehydration reactions. Polymerisation reaction appear 
faster (order of minutes) than the hydrogenation reactions (order of tens of minutes, 
hours). Consequently, hydrotreatment of bio-oils includes a pathway in which either 
the oils are polymerised eventually to char components, and undergo hydrogenation 
using H2 over a catalyst to stabilised components that can be further upgraded. Results 
of the experiments suggest that stabilisation of pyrolysis oils requires transformation of 
specifically the cellulose-derived fraction of the oil (likely into alcohols).
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Being the only sustainable product containing carbon, biomass is the only alternative for 
fossil derived crude oil derivatives. Research on the use of biomass for first gen+eration 
biofuels is rapidly expanding (e.g bio-ethanol from sugar sources and starches and 
bio-diesel from pure plant oils). However, lignocellulosic biomass is difficult to convert 
into transportation fuels and indirect routes are proposed, such as: i) the fractionation 
of biomass and fermentation of the cellulosic and hemi-cellulosic fraction to ethanol 
[2, 3], and ii) the destructive gasification of the complete biomass to produce syngas 
for further upgrading to e.g. methanol or Fischer-Tropsch diesel [4, 5]. For economic 
reasons, conventional refinery scales (up to 100 t/h crude oil equivalence) are preferable; 
however, these scales are problematic for biomass resources, as they are scattered and 
collection is costly. Even more complicating, the various types of biomass are very 
different in structure and composition, have a low energy density compared to many 
fossil resources, and often contain significant amounts of water and ash.
Such disadvantages can be overcome if the biomass is first de-centrally densified 
at a scale of say 2 to 10 t/h and (preferably simultaneously) decontaminated. The 
intermediate product can then be transported to a large central processing unit where 
it is transformed to the final product (at a scale of say 50 to 200 t/h). A potentially 
attractive technology for this purpose is fast pyrolysis [6, 7]. Pyrolysis liquids contain 
negligible amounts of ash, and have a volumetric energetic density 5 to 20 times higher 
than the original biomass. However, the oil is acidic in nature, polar and immiscible with 
conventional crude oil. In addition, it is unstable as some polymerisation of reactive 
components in the oil causes an increase in viscosity over time, and upgrading step such 
as hydrotreatment is required to improve its stability. The main reason for pyrolysis oil 
instability is rather unclear and may involve a vast number of oxygenates. Analyses 
of the pyrolysis oil is challenging, the more so as a large fraction of the oil cannot be 
analysed by conventional gas chromatography. A more effective tool to characterise the 
oil is a solvent fractionation method, e.g. starting with water extraction. In such method 
(see for example Fig. 4 in Chapter 1 for the fractionation method described by Sipila 
et al. [8]), pyrolysis oil can be divided into several groups of compounds, differing in 
oxygen functionality and molecular size [8, 9]. Fractionation usually involves a series 
of steps using a variety of solvents. Once the oil is fractionated, each fraction can be 
analysed for its molecular composition with analytical techniques like GC/MS. As all 
compounds in one fraction will have similar polarity, this is easier than for the whole 
pyrolysis oil. Table 1 shows the combined results of solvent extraction, GC/MS and 
CHN analyses for pine-derived oil. 1H- and 13C-NMR have also been suggested as 
suitable methods to analyse the chemical composition of pyrolysis oil as unlike GC/
MS, no evaporation of the sample is required. Therefore, it is possible to observe all 
chemical compounds or compound groups present in the oil.
For this study, the fractionation Scheme as developed by Sipila et al. [8] will be 
applied as it is based on water extraction, therefore the carbohydrates will be collected 





















such as the Brix method [10]. Carbohydrates (or “sugars”) are reported to be an 
important class of organics regarding the properties of (upgraded) pyrolysis oil [11], 
but challenging to analyse. With GC-MS for example, only 5-10% of the carbohydrates 
in the pyrolysis oil can be detected and quantified [10]. 
The solvent fractionation described in Fig. 4, Chapter 1 divides the oil into four 
fractions, viz. ether soluble (ES), ether insoluble (EIS), low molecular mass lignin 
(LMM Lignin), and high molecular mass lignin (HMM-lignin). The EIS fraction, 
rich in carbohydrates, has a high oxygen content, up to about 50%. The HMM-lignin 
and LMM-lignin contain less oxygen, i.e. 25 to 30% [9]. These LMM-lignin and 
HMM-lignin fractions mainly originate from the lignin, but most probably also from 
complicated polymerisation products of both lignin and (hemi) cellulose derivatives. 
The terminology HMM and LMM lignin may thus not necessarily be correct, as the 
components present may not be solely lignitic in nature as also monomeric, oligomeric 
and polymeric carbohydrates and reaction products derived thereof (humins) can be 
present in this fraction.
A physical property analysis of a hydrotreated pyrolysis oil is important to estimate 
its potential as a co-feed for refinery processes. The thermal stability of the oil, 
expressed by the CCR (Conradson Carbon Residue) or TG residue (thermogravimetric 
residue), appears to be the most important parameter to estimate the suitability of an 
oil as refinery co-feed. Oils with a CCR of 11.7 wt % or lower, after being mixed with 
fossil feedstock such as straight run gas oil, give high gasoline (44 – 46 wt%) and low 
char yields (5.5 – 7.8 wt%) upon processing in a (simulated) FCC experiment (ACE / 
MAT). Analysis of the molecular weights of the oils with GPC also appears very useful 
as it reveals the reactions taking place during hydrotreatment, although this technique 
should be handled with great care [11, 12]. 
Reactive oxygen containing components in the oils are reportedly responsible for the 
limited thermal stability. Several methods for the removal of (reactive) oxygenates from 
bio-oil have been studied, e.g. decarboxylation [13-15], catalytic cracking, and catalytic 
hydrotreatment [16-20]. Literature [21, 22] shows that catalytic cracking of biomass 
and/or pyrolysis oil to oxygen-free products is accompanied by a significant amount of 
coke production (up to 40 wt% of the biomass), and on carbon basis, hydroprocessing 
(or hydrotreatment) to crude oil analogues may be much more promising option. 
Two approaches are considered in this paper, viz. the non-catalytic stabilisation of 
the oil by treating it at elevated temperatures and pressures, and its hydroprocessing 
in the presence of a catalyst. Both routes will be further defined and explained below.
In non-catalytic thermal treatments at elevated pressures (here referred to as high 
pressure thermal treatment or abbreviated by HPTT), pyrolysis oils are subjected 
to elevated temperatures. To render the water in the liquid state and to avoid severe 
charring, operating pressures higher than the partial pressure of water are required. 
Oils processed at temperatures above 250 oC and pressures above 100 bar showed 
phase separation, resulting in an aqueous phase floating on top of a usually viscous 






















acetalisation/ketalisation and phenol/formaldehyde type of reactions between phenolic 
type of components and the aldehydes present in the oil. The oxygen content of such oils 
was reduced from 40 wt% to ~25 wt% in the organic phase of the HPTT product (both 
on dry basis), with a corresponding energetic value of the organic phase up to 26 MJ/kg. 
Catalytic hydrotreatment (also referred to as hydrodeoxygenation in literature) of 
pyrolysis oil is also performed at elevated temperatures (usually in the range of 200 up 
to 400 oC) though in contrast with HPTT, in the presence of hydrogen and a catalyst. 
Again, a pressure of 150 bar or higher is necessary to keep the water in a liquid state 
(and probably to reduce charring reactions), and to promote hydrogenation reactions. 
The preferred reactions in hydrotreatment of pyrolysis oils include dehydration, 
hydrogenation (hydrogenolysis), hydrodeoxygenation, and hydrocracking. This 
hydrotreating resembles conventional fossil-based processes, for which relevant 
features are listed in Table 2 [25]. 
Numerous papers on hydrotreating pyrolysis oil in packed beds and autoclaves 
were published in the eighties and nineties, but after a revival of pyrolysis, very recently 
as well [19, 26-31]. Large differences in operating conditions (pressure, temperature, 
residence times) and hydrogen consumption are reported. This may explain the rather 
conflicting results reported, specifically in terms of deoxygenation levels; they vary 





















from 10 to 90 % at seemingly similar operating conditions and using similar catalysts. 
Specifically the older literature seems rather phenomenological in nature, and merely 
focuses on ‘fact-finding’. Hydrogen consumptions in these papers vary from less than 
10 to over 400 Nm3/t, depending on feedstock and the product preferred. 
Studies in pyrolysis oil upgrading show that in both cases, without active catalyst 
or under high pressure hydrogen, significant charring of pyrolysis oil occurs. Active 
catalysts are sulphided NiMo/Al2O3 and CoMo/Al2O3 [31], but also noble metal 
catalysts as Ru, Pd, Rh, Pt have been reported [30, 31]. Catalysts may be deactivated 
during operating time. Various deactivation mechanisms are recognized (e.g. charring, 
poisoning, sintering, catalyst degradation, coking and so on). Importantly, water in the 
pyrolysis oils has a strong negative effect on conventional alumina supported catalysts, 
as the alumina is converted into hydroxides rendering the catalyst less- or inactive [32]. 
Effective deoxygenation down to oxygen contents < 10 wt % requires up to 1 to 2 hours 
residence time for the liquid phase, at elevated temperatures up to 400 oC. 
A systematic variation of the residence time (for the liquid phase) is not yet 
reported in literature. Various reactor types have been used, mainly batch wise 
operated autoclaves and continuously operated packed beds. Data from non-steady 
state autoclave processes are not easily interpreted, the more so as in the initial stage 
other side reactions take place (e.g. catalyst activation and methanation). Packed bed 
reactors are operated in trickle flow regime, but a relatively high hydrogen-to-oil 
ratio can cause operating problems (e.g. reduced catalysts wetting, enhanced water 
evaporation of water). Reactor conditions, mass transfer data, wetting efficiencies and 
alike at these extreme conditions are lacking. 
Reaction conditions common for hydroprocessing crude oil derivatives cannot be 
applied to pyrolysis oils. In particular, pyrolysis oil cannot be treated at temperatures 
exceeding 300 oC because of its high charring tendency. At elevated temperatures, formation 
of viscous products due to polymerisation of reactive components eventually yields char 
that will block the reactor (tubes). Therefore, initial hydroprocessing of pyrolysis oils at 
operating temperatures below 200 oC is required, to ‘stabilise’ the reactive components. 









Naphtha hydrotreating 2 – 10 2 – 5 260 – 350 15 – 35
Light oil hydrotreating 15 – 50 2 – 5 290 – 400 17 – 35
Heavy oil hydrotreating 70 – 170 1 – 3 350 – 425 70 – 140
Residuum hydrotreating 100 – 200 0.15 – 1 350 – 425 70 – 140
Residuum hydrocracking 200 – 270 0.2 – 1 400 – 425 140 – 200
Distillate hydrocracking 170 – 400 0.5 – 10 260 – 480 35 – 200
Hydrotreating benzene 760 N/A 175 – 270 20 – 30






















Subsequently the stable product fraction can be further processed [11]. Crucial here is to 
apply catalysts that withstand water at the extreme conditions of high temperature and 
pressure, but, even more challenging, are very active at such low temperatures. 
The approach in this paper involves the treatment of fast pyrolysis oils produced 
from forestry residues, with and without catalyst and/or hydrogen. Ru/C was used as 
the catalyst, based on previous positive results obtained with this catalyst by Wildschut 
et al [31]. The specific objective is to produce upgraded oils that can be fed into 
conventional oil refinery units. Experiments for the hydroprocessing of pyrolysis oils 
were thus carried out with the following objectives:
 - to understand and quantify the extent of polymerisation of pyrolysis oils (no 
catalyst, no hydrogen) in separate HPTT experiments
 - to gain insights in the processes taking place when performing hydrogenation 
reactions at low temperatures (up to 275 oC) with catalyst and hydrogen 
(“Stabilisation”)
 - to understand the actual hydrodeoxygenation (HDO) of pyrolysis oils, in so-called 
“Mild Hydrotreatment” experiments at elevated temperatures up to 400 oC 
 - to investigate the hydrocracking of the organic phase derived from the mild 
hydrotreatment stage in so-called “2nd stage hydrotreatment” experiments 
2 EXPERIMENTAL
2.1 Materials
The pyrolysis oil used in the experiments originated from forestry residues and was 
produced by VTT (Finland). Its characteristics are listed in Table 3. Ru/C pellets (5 wt% 
Ru) in size ranging from 1 to 3 mm, was used as the catalyst and was purchased from 
Kaida Technology Limited (UK). Hydrogen (99.999 %) was obtained from Indugas.
Table 3 Pyrolysis oil composition and characteristics
Origin Forestry residues










Atomic (H/C, O/C), dry (1.42 ; 0.51)































A schematic drawing of the set-up used for HPTT and hydroprocessing experiments 
is shown in Fig. 1. It consists of several storage vessels containing water, cleaning 
alcohol, and pyrolysis oil. The feed is pressurised by pumping the liquid feed through 
the reaction sections with a backpressure valve to regulate the pressure (± 5 bar). For 
hydrotreatment experiments, a Maximator booster (pump type DLE-75) is used to 
supply high-pressure hydrogen from a bottle. The reactor consists of a series of (empty, 
or catalyst filled) tubes (each I.D. 10 mm x 500 mm in length). The reactors are used 
as such for HPTT experiments or filled with catalyst for hydrotreatment experiments. 
Electric heaters are used to control the temperatures (± 5oC), which are recorded at the 
outer wall of the reactors. The effluent stream is cooled down to room temperature and 
depressurized before being collected in a bottle. 
2.3 Experimental runs 
HPTT experiments: the reactor tubes do not contain catalysts and pyrolysis oil is fed 
through the tubes. The temperatures were raised up to 200 – 350 oC and the pressure 
was regulated at 300 bar with the back pressure valve. 
Hydrotreatment: In each run, approximately 70 gram fresh catalyst was used. After 
every run the catalyst was refreshed. Each bed of catalyst was reduced prior to the 






















experiment by passing hydrogen over the bed for 2 h, at pressures up to 5 bar, and 
temperature of 200 oC. During the stabilisation and mild hydrotreatment experiments, 
pyrolysis-oil was fed simultaneously with the hydrogen to the reactor, and the pressure 
was regulated up to 300 bar. The temperatures in each catalyst bed were then increased 
until the desired condition was achieved (see Table 4). The liquid products are collected 
in a glass bottle. The product gas passes a flow meter before it is vented. At the exit a gas 
sample can be taken to measure the gas composition using a GC/TCD. 
The experiments summarised in Table 4 were carried out for both pyrolysis oils 
and partially upgraded oil, while changing reactor length (residence time), feed rate 
(residence time), and temperature/pressure. The experiments undertaken are referred 
to as HPTT, stabilisation, mild hydrotreatment and 2nd stage hydrodeoxygenation. 








-flow (ml/min) N/A 2 1 - 3 2
Catalyst N/A Ru/C Ru/C Ru/C 
Feed Forest Residue PO Forest Residue PO Forest Residue PO Oil product from mild 
hydrotreatment
Feed flow (ml/h) 600 100 - 400 100 – 600 100 (2nd stage)
Pressure (bar) 150 – 300 > 200 > 200 > 200





h) N/A 5 – 10 5 – 10  2
2.4 Product analyses
Elemental composition. The elemental composition (C, H and N) of pyrolysis oil and 
liquid phases were determined using a EuroVector EA3400 Series CHNS-O with 
acetanilide as calibration reference. The values obtained were corrected for the water 
content. The oxygen content was determined by difference. 
The water content of pyrolysis oil and liquid phases was determined by volumetric 
Karl Fischer titration using an Applicon Titrino 758 titration device. A small amount 
of oil was added into an isolated glass chamber containing Hydranal (Karl Fischer 
Solvent, Riedel de Haen). The titrations were carried out using the Karl Fischer Titrant 
Composit 5K (Riedel de Haen). All measurements were performed in duplicate.
Solvent fractionation. In the solvent fractionation Scheme, pyrolysis liquid (and 
hydrotreatment liquid products) is divided into water-soluble (WS) and water-
insoluble (WIS) fractions (see Fig. 4, Chapter 1) [9]. The WIS fraction is separated 
further by dichloromethane (DCM) extraction into two fractions having different 
molecular size distributions, viz. LMM-lignin and HMM-lignin. The WS fraction is 





















fraction. The short method includes fast separation of water extract using a centrifuge 
and characterization of carbohydrates by the Brix method [10].
GC/MS-FID. The EIS and water insoluble fraction (combined LMM lignin and 
HMM lignin) is analysed further with GC/MS-FID at the Johann Heinrich von Thünen 
Institute (Hamburg, Germany). All GC analyses were carried out on an Agilent 6890 
system coupled with parallel FI and MS detectors. The column was an HP Ultra 1, 
50 m, 0.32 mm, 0.52 μm. The oven temperature was initial temperature 100 oC, hold 0, 
ramp 4 oC/min, final temperature 300 oC, hold 20 min. For the injector, the split ratio 
was 15:1, heater 250 oC, injection volume 1 μL. To analyse catechols, extractives, and 
anhydrosugars, a silylation procedure is required. Silylation was performed by dissolving 
the samples (10 mg) in KOH-dried pyridine (0.5 mL) and adding bis(trimethylsilyl)-
trifluoracetamide (0.5 mL) and trimethyl-chlorsilane (10 drops) prior to analysis.
1H-NMR and 13C-NMR. 1H-NMR and 13C-NMR analyses were performed on pyrolysis 
oil and the organic phases of hydrotreatment products (upgraded oil). The spectra were 
recorded on a Varian AS400 (1H-NMR) or Varian VXR-300 (13C-NMR). The samples 
were dissolved in CDCl3, dried over MgSO4 to remove residual water in the samples, and 
filtered. For the 1H-NMR, 64 repetitions and a 1 s relaxation delay was applied. For the 
13C-NMR spectra, 10,000-12,000 repetitions and a relaxation delay of 4 s was applied. 
Separate experiments with a longer relaxation delay (12 s) gave similar integration 
results, indicating that a 4 s relaxation delay is sufficient to avoid peak saturation. CDCl3 
(99.8 atom % D) was purchased from Sigma Aldrich (St. Louis, Missouri, United States). 
Dried MgSO4 (99%) was obtained from Boom BV (Meppel, The Netherlands).
Gel permeation chromatography (GPC). GPC analyses of the organic liquid phases 
were performed at the University of Twente using an Agilent HPLC 1200 system 
equipped with a refractive index detector. Three columns in series of mixed type E 
(length 300 mm, i.d. 7.5 mm) were used. Polystyrene was used as a calibration standard. 
The organic phases were dissolved in THF (10 mg/mL) and filtered (pore size 0.2 μm) 
before injection. 
Thermogravimetric analysis (TGA). TGA data of the liquid organic phases were 
determined using a TGA 7 from Perkin-Elmer. The samples were heated in a nitrogen 
atmosphere with a heating rate of 10 oC/min and a temperature range between 
20 – 900 oC. The viscosities of the organic phase products were determined using a 
Rheometer AR-1000 (Texas Instruments) equipped with a stainless steel cone-and-
plate. A shear rate of 10 s-1 and a constant temperature of 40 oC were applied. 
GC/TCD. Gas phase samples were analysed online using a Micro-GC (Varian 
CP-4900) with a thermo-conductivity detector. The samples (gas product from the 
reactor outlet) were passed through a molecular sieve to absorb the moisture before 
entering the GC. The gas compositions were recorded every 6 minutes.
3 RESULTS
The experiments considered relevant to study the changes occurring during the 






















a. Polymerisation of the pyrolysis oil when neither catalysts nor hydrogen are involved 
(high pressure thermal-treatment, ‘HPTT’).
b. Hydrogenation of the pyrolysis oil at mild conditions (up to 275 oC, with a Ru/C 
catalyst and hydrogen, referred to as ‘Stabilisation’).
c. Hydrotreatment of pyrolysis oil at temperatures up to 350 oC with Ru/C (‘Mild 
Hydrotreatment’).
d. Hydroprocessing the organic product from experiment c) in a 2nd stage 
hydrotreatment (‘2nd Hydrotreatment’), at temperatures up to 400 oC with Ru/C.
Below, the individual test results are discussed in more detail. Five cases have 
been selected out of a total of more than twenty successful experiments. These five 
experiments are carried out at different values for the WHSV, temperature and pressure, 
and are representative for the present purpose. The term “severity” will be used here 
as a qualitative parameter of the process. In this respect, higher severity means higher 
temperature and/or lower space velocity. 
3.1 Visual Observation
3.11 High Pressure Thermal Treatment (HPTT) 
HPTT experiments were performed by pumping pyrolysis oil through an empty 
reactor, at pressures up to 300 bar and maximum temperature of 350 oC. The residence 
times ranged from 30 s to 2 minutes. Typically, at HPTT conditions a single-phase 
pyrolysis oil is converted into a viscous organic phase, an aqueous phase, and a gas 
phase. Although it is unknown which reactions actually take place, at least two parallel 
reactions can be distinguished, viz. reactions leading to the formation of gases (e.g. 
CO and/or CO2), and others to dehydration (likely by condensation polymerisation). 
Possible sources of these gases are acid-catalysed decarboxylation/decarbonylations. 
The precise events taking place on a molecular level and the reaction pathways, 
however, remain unclear. 
Phase separation of the oil at these conditions can have a number of causes, e.g. an 
overall increase in the water content due to the formation of water by condensation 
reactions. Above a certain water content pyrolysis oils phase-separates into an aqueous 
phase and a rather non-polar phase [33]. Another explanation involves polymerisation 
of reactive components in the oil rendering the products less soluble in water. Examples 
are reactions involving the polar sugar constituents [34].
3.1.2 Stabilisation 
The stabilisation step involves a hydrotreatment at relatively low temperature (175 – 
250 oC). This step is suggested by Gagnon and Kaliguine [11] as a preliminary step prior 
to the actual hydrotreatment of vacuum pyrolysis oil, to prevent severe polymerisation 
during deep hydrotreatment. Vacuum pyrolysis oil has a high content of carboxylic 
acids and these may catalyse the condensation polymerisation of the sugars and other 
aldehyde-containing compounds in the pyrolysis oil. During stabilisation, it is plausible 





















In our study, the selected conditions for the stabilisation of pyrolysis oil are pressures 
> 200 bar H2, temperatures ranging from 175 to 275 oC and space velocities higher than 
5 h-1. For the 175 oC experiments, phase separation of the product does not occur and 
a single dark-brown liquid is obtained. This may be related to the limited production 
of water during the stabilisation step, and a limited conversion of the sugar phase. The 
characteristics of the oil change during stabilisation and for instance, the product has a 
considerable sweeter smell than original pyrolysis oil. 
Stabilisation at 225 oC results in the formation of two liquid phases, an organic and an 
aqueous phase (see also Table 5). The organic phase is rather viscous. The aqueous phase 
produced during the stabilisation has a brownish colour and is not completely transparent, 
indicating a high organic content. At a stabilisation temperature of 275 oC (detailed results 
not given here) an organic phase with an even higher viscosity was obtained. 
Figure 2 Pictures of pyrolysis oil (left), mild hydrotreatment (middle), and 2nd hydrotreatment (right) 
products
3.1.3 Mild hydrotreatment (Mild Hyd)
Mild hydrotreatment experiments were carried out by applying a temperature profile 
over the four reactors (Fig. 1), with relatively low temperatures (175 to 250 oC) in the 
first two reactors and higher temperatures in the last two (350 to 400oC). In the case 
presented here, a temperature of 175 oC was applied in the first reactor segment, and 
temperatures were increased to 225, 350, and finally 375 oC in the next three reactors. 
Various space velocities and temperature combinations have also been tested, although 
the results are not given here. 
For all experiments carried out at these operating conditions, a two-phase product was 
obtained, consisting of a heavier organic product, and an aqueous phase floating on top of 
it. The organic phase had a lower viscosity than that derived in the stabilisation experiment 
at 225 oC, and the aqueous phase is transparent. The organic phase was separated from the 






















Table 5 Experimental results for several pyrolysis oil hydrotreatment stages








Temperature(s) oC 300 175 225 175/225/375/400 350/375/400/400
Pressure bar 250 200 200 241 230
Residence time s 250 N/A N/A N/A N/A




















N/A 65 79 134 236
Product oil




C 60.5 41.5 54.3 67.5 75.6
H 6.7 8.3 7.7 8.2 9.7
N 0.1 0.2 0.4 0.4 0.5
O 32.7 50 37.7 23.9 14.2
Oxygen content 
(dry)
wt% 25.5 35.4 27.8 18.5 11.5
Water content wt% 11.4 27.4 20.0 7.7 3.5
Atomic (H/C; 
O/C), dry
(1.33;0.41) (1.53; 0.46) (1.21;0.28) (1.31; 0.19) (1.48; 0.11)
Carbon yield wt% 79 100 63 72 62
Aqueous phase product




C 17.1 27.4 14.0 10.3
H 9.7 9.5 10.4 11.0
N 0.1 0.1 0 0.1
O 73.1 62.9 75.5 78.5
Water content wt% 63.9 Approx. 60 70.2 80.6
Gas product
Yield wt% 3.8 1.6 2.4 3.7 13.6
Gas composition vol%
CO 30 - - - 3.6
CO
2
70 6.1 15.5 10.9 4.8
CH
4





0.01 0.01 0.1 0.7
H
2
91.5 81.2 88 82




C 103 103 104 95 99
H 100 103 110 120 114
O 98 98 96 102 120
H
2





















3.1.4 Second stage hydrotreatment (2nd Hyd)
To further remove the oxygen in the oil, the organic phase from the mild hydrotreatment 
experiments was subjected to a second hydrotreatment. For this purpose, samples from 
the mild hydrotreatment experiments were first allowed to phase separate completely, 
after which the organic fraction (containing about 3 wt.% water) was treated at 
temperatures ranging from 350 oC in the first two reactor segments, to 400 oC in the 
last two reactors. Again, a two-phase oil was obtained, but now with a black product 
on top of a translucent aqueous phase at the bottom. Whereas the mild hydrotreatment 
oils are already nonpolar but have a density larger than water, the 2nd stage oils have a 
density lower than water. The aqueous phase is nearly transparent and the yield is lower 
compared to those from stabilisation and mild hydrotreatment experiments. 
3.2 Product formation and mass balances
The yields, hydrogen consumption, and mass balances from the HPTT and catalytic 
hydrotreatment reactions are given in Table 5. Liquid and gas are produced during the 
experiment. Although chars may be produced as well, the amounts were not determined 
in this study. Good mass balance closures of 88 - 104 wt% are obtained for the 
experiments. The liquid product consists of a single phase at the lowest hydrotreatment 
severity (stabilisation at 175 oC). At hydrotreatment with higher severity, and at HPTT, 
the liquid products consist of two layers, a viscous organic and an aqueous phase. 
Gas is produced with yields ranging from 2.3 wt% (stabilisation at 175 oC) to 11.9 
wt% (for the 2nd stage hydrotreatment) as shown in Fig. 3. Different gas compositions 
are found for HPTT and hydrotreatment. HPTT produces CO2 (0.69 mol/kgPO) and CO 
(0.29 mol/kgPO), probably due to acid-catalysed decarboxylation and decarbonylation 
reactions. Hydrotreatment at low severity produces mainly CO2 (0.34 – 1.09 mol/kgPO) 
and a very low amount of CH4 (0.04 – 0.1 mol/kgPO). Gas production at high severity 
hydrotreatment (2nd hydrotreatment) seems to come from different reactions than 















































experiments at lower severities. The high yields of CH4 (1.94 mol/kgPO) and C2-C3 
hydrocarbons (0.65 mol/kgPO) are indications for catalytic hydrocracking [35]. 2nd 
hydrotreatment also produces a significant amount of CO (0.98 wt%), which was not 
found during hydrotreatment at lower severities. 
Possible explanations for the high CO and CH4 production in the 2nd hydrotreatment 
experiment are decarboxylation, (reverse) water-gas shift reaction (WGS/RWGS) and 
methanation. Decarboxylation yields CO2, and as RWGS (CO and water formation 
from CO2 and H2) is not favoured at temperatures below 350 oC [36]. At temperatures 
of 350 - 400 oC (as in the 2nd hydrotreatment experiment), the RWGS is favoured, and 
higher yields of CO are noted. At these temperatures, the methanation rates of both CO 
and CO2 increase [37]. 
Except for the stabilisation at 175 oC, all liquid products are phase-separated into 
an organic and aqueous phase, as shown in Fig. 2. The amount of water increased 
slightly (from 25 up to about 30 wt%) during stabilisation at 175 oC, though appears 
insufficient for phase separation. From a certain hydrogen uptake onwards (or process 
severity), phase separation takes place, rendering an organic phase rich in carbon and 
with a significant reduction in overall oxygen content. The phase separation started 
at 225 oC, at a corresponding hydrogen consumption of around 80 Nm3/t. At this 
condition, the yield of the organic phase is 47.8 wt%, and the oxygen content of the 
organic phase is 27.8 wt%, significantly lower than the product produced at 175 oC 
(35.4 wt%). The reduction of the oxygen content is due to the loss of water but also due 
to transfer of highly oxygenated components to the water phase. As a consequence, the 
associated overall yield of organic phase is significantly reduced with reaction severity, 
and an aqueous product is left as a by-product (see Fig. 4). For example, the organic 
phase yield is 99.7 wt% after stabilisation at 175 oC, but only 44.7 wt% for the mild 
hydrotreatment experiment. The carbon yield for the upgraded oil (organic phase) also 
Figure 4 The elemental composition of the organic oil product (dry basis) versus the hydrogen 
consumption for hydrotreatment at the various operating conditions presented in Tables 4 and 5. The 





















decreases as the hydrotreatment severity increases, although to a lower extent than the 
overall yield, as the upgraded oils contain less water than the original pyrolysis oil. The 
carbon yield for the organic phase of the 2nd stage hydrotreatment is 62 wt% (Table 5).
Fig. 4 also clearly shows that the oxygen content of the organic phase decreases 
gradually as the hydrotreatment severity increases. It is therefore possible to use the 
oxygen content as a parameter to represent the severity of the upgrading process. In 
Fig. 5, the liquid yields from the hydrotreatment experiments are plotted against the 
oxygen contents of the organic phases. In the 2nd hydrotreatment experiment, the yield 
is calculated based on the original pyrolysis oil (instead of on the process feed, which 
is the organic phase from a mild hydrotreatment experiment). A gradual but clear 
decrease of the liquid yield (summed aqueous and organic phase yields) is observed as 
the process severity increases. 
Figure 5 Organic product yield versus the hydrotreatment process severity (represented by the oxygen 
content of the organic phase).
3.3 Elemental composition and reaction stoichiometries
In Table 5, the elemental composition of each phase produced during the 
hydrotreatment is provided. The oxygen content of the organic phases (upgraded 
oils) decreases as the process becomes more severe. Deoxygenation is often used as 
a parameter for the efficacy of a pyrolysis oil upgrading process. This is only partially 
correct, as deoxygenation (reduction of oxygen content) is not the only change taking 
place during the upgrading. In this section, the effect of the upgrading cases on the 
overall elemental composition (C, H, O) will be discussed. In the next sections, the 
changes in molecular composition and relevant product properties will be elaborated.
A van Krevelen diagram [38] is a practical and useful way to compare the elemental 
composition of pyrolysis and products derived thereof with conventional crude oils, 






















H/C ratios of a product are correlated, see Fig. 6 for details [4]. Here, various products 
are shown in terms of their H/C and O/C ratios, ranging from methanol (H/C = 4; 
O/C = 1), methane (H/C = 4 ; O/C = 0), to various biomass constituents (H/C = 1.4-1.7; 
O/C = 0.5-0.8), pyrolysis oils (H/C = 1.7 ; O/C = 0.6) and oils from high pressure 
thermal treating of biomass (H/C = 1.2 ; O/C = 0.13 - 0.25). 
Figure 6 The van Krevelen diagram for a variety of components. Reproduced with permission from 
Kersten et al. [4]
A van Krevelen plot for selected literature data on pyrolysis oil hydrotreatment is 
shown in Fig. 7. Included in this figure are data points from:
 - Wood and pyrolysis oil, and the four cases referred to in this paper (HPTT, 
stabilisation at 175 and 225oC, the mild hydrotreatment experiment and for the 2nd 
stage hydrotreatment).
 - Catalytic hydrotreatment studies [16-19, 39-41]. Data are given for various oils 
from a wide variety of resources and processed in different reactors, different 
catalysts and at different conditions.
 - Curves are presented to indicate the patterns taking place during hydrotreatment.
Theoretical curve of pyrolysis oil dehydration, where the elemental composition of 
pyrolysis oils is plotted in a theoretical case that only water is removed.






















In a thermal treatment (HPTT) process, the principal reactions involve removal of 
oxygen as water as can be noted by the so-called dehydration line. Some CO2 and CO 
are released as well, which shifts the trend line to slightly higher H/C ratios than just 
the theoretical dehydration line. The data presented in Table 5 shows that the yield of 
CO/CO2 formation is limited to 3.8 wt%. Performing HPTT at high process severity 
(i.e. at high temperatures and low WHSV, data not given in this work) clearly leads 
to a hydrogen-depleted solid material [24] (and in case that all water is removed, a 
product rather similar to charcoal). Although the elemental compositions of the HPTT 
product and the product derived from stabilisation at 225 oC are rather similar, the 
actual molecular composition are completely different (vide infra).
To obtain a liquid hydro-carbonaceous product, catalytic hydrotreatment is 
required. In this case, the hydrogen is bound to carbon or oxygen (for example by 
hydrogenation, hydrocracking or hydrogenolysis) or used to remove the oxygen in 
the form of water (hydrodeoxygenation). This path is shown in the Van Krevelen 
plot by a stabilisation step, respectively at 175 oC (no phase separation) and 225 oC 
(dehydration), followed by further hydrodeoxygenation (and hydrocracking) during 
the mild and 2nd hydrotreatment steps. Considering the relatively high hydrogen 
consumption upon following this path (i.e. 236 Nm3/t for the 2nd hydrotreatment), it 
may be more attractive to first subject the pyrolysis oil to a HPTT process followed by 
a subsequent deep hydrotreatment process, than a stabilisation pathway followed by 
deep hydrotreatment as performed in this study.
Figure 7 The Van Krevelen plot for oils derived from HPTT, Stabilisation, Mild Hydrotreatment and 






















Especially in the case of the hydrogen depleted pyrolysis oils (H/C; O/C) ≈ (1.5; 
0.6), significant amounts of hydrogen are required to ensure sufficient oxygen removal. 
Calculations reported in the literature were mainly based on wet pyrolysis-oil, to 
be hydrotreated down to zero-oxygen containing products. New insights derived 
here show that most oxygen is easily removed from the pyrolysis-oil through water 
separation, and water splitting-off due to a HPTT process. 
Based on the pyrolysis oil elemental composition, the (theoretical) elemental balances 
for hydrotreatment of dry pyrolysis oil can be presented by Eq.1. Based on Eq.1, the required 
H2 consumption as a function of the deoxygenation can be plotted as in Fig. 8. Around 5 
wt% H2 is required for complete deoxygenation, corresponding to about 600 Nm3/t pyrolysis 
oil (approximately 30 % of the energetic value of the oil). Several remarks should be made: 
1. Some additional gaseous components will be formed, such as methane, ethane, and 
other C2+ gases: these reactions consume substantial amounts of hydrogen. 
2. In the Eqs. 1-5, the H/C ratio of the product oil is set at 1.8. With this ratio, the 
aromatic character of the pyrolysis oil is maintained to minimise hydrogen 
consumption. However, further reduction in hydrogen consumption is possible 
when aiming for products with a lower H/C values.
3. In a mild hydrotreatment less hydrogen is required, and the pathway to reach the 
desired deoxygenation level determines the actual hydrogen consumption (see Fig. 8). 
The stabilisation cases show that phase separation already occurs at rather mild 
conditions (WHSV around 10 h-1 and temperature around 225 oC) with limited hydrogen 
consumptions (near 100 Nm3/t). If the water phase containing the smaller highly 
oxygenated components is subsequently removed, the hydrogen requirement to process 
the remaining organic phase can be reduced considerably. Based upon the elemental 
composition of the products after reaction, the various steps can be represented by 
Equations 2 to 5. In these cases, the formation of gas phase components is not considered. 
Figure 8 Hydrogen uptake versus the degree of deoxygenation. The stoichiometric H2 uptake is based 































To achieve a deoxygenation level of 70 %, the calculated hydrogen consumption 
is 236 Nm3/t pyrolysis oil, which is substantially lower than required for complete 
deoxygenation. For comparison, two hydrogen-uptake curves are given in Fig. 8. 
The first is the hydrogen uptake curve based on the stoichiometry for pyrolysis oil 
hydrotreatment. The other curve is an inter- and extrapolation of data points derived 
from this work and represents the stabilisation stages at 175 oC and 225 oC, followed 
by a mild hydrotreatment step after which the aqueous phase is removed, and a 2nd 
hydrotreatment step is carried out. For comparison, one data point is included showing 
the deoxygenation level for the HPTT process. Fig. 8 shows that a hydrogen uptake of 
approximately 100 – 150 Nm3/t results in a deoxygenation level of 50% for the mild 
hydrotreatment. For comparison, complete deoxygenation requires about 500 Nm3/t 






















3.4 Molecular composition of the upgraded oils
3.4.1 Solvent extraction
To gain understanding in the changes in the chemical composition during the 
upgrading steps, a solvent extraction Scheme (see Fig. 4, Chapter 1) was applied for 
the pyrolysis oil as well as for the upgraded products. Several fractions (ether insoluble 
and water insoluble, see Fig. 4, Chapter 1) obtained from the extraction were analysed 
further with GC/MS. The organic products after hydrotreatment were also analysed by 
1H-NMR and 13C-NMR, and the result will be compared with the GC/MS data. 
The fractionation results for HPTT are given in Fig. 9. Generally, the “sugar” 
fraction is converted to HMM- and LMM-lignin, and additional water. Interestingly, a 
similar change reportedly occurs in pyrolysis oils, stored for several months or years, 
where water insoluble products are produced at the expense of the sugar fraction [43]. 
It seems that especially the sugar fraction is responsible for charring, likely through the 
formation of first LMM-lignin (DCM solubles) and subsequently HMM-lignin (DCM 
insolubles or ‘char’). It also suggests that the polymerisation occurs to a significant 
extent in the HPTT process, as expected from the earlier results. Production of gases is 
likely due to the conversion of ‘ether solubles’, while the polymerisation (and eventually 
phase separation) seems to be caused by conversion of sugars to larger molecules. 
When comparing the results for the stabilised oil (at 175 oC, see Table 5) with the 
pyrolysis oil feed, it is clear that the amounts of water and HMM lignin (including 
polymeric products) are considerably higher for the stabilised oil. This is at the expense 
of the ether soluble and “sugar” fractions. Apparently, components in the ether soluble 
and “sugar” fractions are hydrogenated, and also converted to higher molecular weight 
components and water. 
The “sugar” fraction is also converted during stabilisation (for both 175 and 225 oC, 
see Fig. 11), but to a lesser extent than by HPTT. A likely explanation is the higher 
polymerisation rate during HPTT, due to the higher temperature applied (up to 


















 LMM lignin + extractives
 HMM lignin
Figure 9 The compositions of a typical pine pyrolysis oil and HPTT products according to the 





















250 oC) and the absence of hydrogen. The high water production during HPTT (33 wt%, 
Table 5) confirms that “sugar” conversion mainly involves condensation – polymerisation 
reactions. By HPTT those sugar are mostly converted to ‘LMM-lignins’, while during 
stabilisation the converted sugars mainly end up in the HMM-lignin fraction. Due 
to phase separation, the concentration of the HMM-lignin in the organic phase after 
stabilisation at 225 oC is much higher than that for Stabilisation 175 oC (Fig. 10). It is 
likely that during stabilisation some of the sugars are converted/hydrogenated to polyols 
[11] (vide infra), suppressing condensation – polymerisation reactions. 
In mild hydrotreatment experiments (“Mild Hyd”, Table 5), two product phases 
are formed, an aqueous and an organic phase. Both were subjected to the solvent 
extraction Scheme and the combined results are given in Fig. 11. The major conclusions 
are that (i) the “sugar” fraction is mainly converted in the mild hydrotreatment step; 
(ii) the aqueous phase contains considerable amounts of organic components, mainly 
belonging to the ether soluble (ES) fraction; and (iii) the HMM-lignin fraction is 
Forest residue PO HPTT
total
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 LMM lignin +extractives
 HMM lignin
Figure 10 Fractionation results – organic phase






















reduced considerably, effectively yielding more LMM-lignin and extractives, evidence 
that some hydrocracking reactions have taken place.
In the 2nd stage hydrotreatment the amount of ether solubles increases, at the 
expense of the DCM solubles (HMM lignin) and the extractives. However, the solvent 
extraction data for the mild- and 2nd hydrotreatment are rather similar, and the solvent 
extraction procedure does not provide additional information on the various reactions 
taking place during hydrotreatment at different severities.
3.4.2 Gas chromatography
GC/MS-analysis was performed on the “sugar” and the water insoluble fraction (WIS, a 
combined HMM-LMM lignin fraction, see Fig. 1). In case of phase separation, only the 
organic phase was analysed. The GC/MS results for the stabilisation products are given 
in Fig. 12. In the stabilisation step a reduction in the “sugars” fraction was observed. 
The “sugar” fraction consists of low molecular weight alcohols (e.g. diols) and hydroxy-
acids and, as expected, a wide range of monomeric (anhydro)-“sugars”. 
The water insoluble (WIS) fraction contains considerable amounts of low-molecular 
weight phenolic components such as catechols, guaiacols, and syringols. Most of this 
fraction cannot be identified by GC/MS, but the main changes can be followed by using 
solvent fractionation. In the crude pyrolysis oil, the WIS fraction consisted mainly of 
degraded lignin, extractives, and small amounts of syringols and catechols.
The water insoluble fraction of the organic product after the mild hydrotreatment 
step was also analysed by GC/MS. Here, the WIS increases due to further conversion of 
the sugar fraction [33, 44]. A clear change in the amount and composition of phenolics 
was also observed (Fig. 13). Compared with the feed, the amounts of phenols and 
catechols increased whereas the amount of syringols decreased.
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Figure 13 Chemical composition of fractions of the mild hydrotreament product. GC/MSD was 
performed for the water insoluble fraction.
3.4.3 1H- and 13C-NMR
The changes in the molecular composition of the product oils as a function of the 
severity of the catalytic hydrotreatment reaction were also investigated by 1H- and 
13C-NMR. To semi quantify the changes in the oil, the 1H-NMR spectra are divided 
into regions characteristic of certain chemical groups and the regions are integrated 
according to a method proposed by Ingram [45] and Mullen [46]. The normalised 
integration results are given in Table 6 and Table 7. 
The disappearance of resonances in the region δ 10.0 – 8.0 ppm indicates that aldehydes 
are hydrogenated rapidly, in line with model studies with Ru/C [44]. The integration of 
the aromatic regions (δ 8-6.8 ppm and δ 6.8 – 6.4 ppm) showed only a minor decrease 
upon hydrotreatment, indicating that saturation of aromatic rings by hydrogenation does 
not occur to a significant extent under hydrotreatment conditions. The compounds in 
region δ 6.4 – 4.2, (e.g. CH and CH2 groups in sugars) decreased slightly after stabilisation 
but more significantly upon a mild hydrotreatment or a 2nd stage hydrotreatment step, as 
suggested by the solvent fractionation. The compounds in region δ 4.2-3.0 ppm decreased 
as the process severity increased, indicating a reduction in methoxy groups, likely 
methoxyphenols. As the amounts of aromatics did not change significantly, it indicates 
the removal of methoxy groups from the aromatics, e.g. by the formation of methane. 
The aliphatics-to-aromatics ratio, determined by dividing the hydrogen percentage 
in the aliphatic region (δ 2.2 – 0.0 ppm) by that in the aromatic region (δ 8.0 – 6.4 ppm), 
increases considerably after hydrotreatment (from 1.72 in the feed to 5.93), indicating 
an increase in hydrocarbon like components. This is in line with the higher H/C ratio 
of the products compared to the feed.
The carbon assignments and integration (after normalisation) of the 13C-NMR 
spectra are given in Table 7. The amount of carbonyl groups (ketones, aldehydes, esters, 
and carboxylic acids) decreased at higher process severities. The percentage of total 






















Table 6 1H-NMR of pyrolysis oil and organic phases after catalytic hydrotreatment 
Chemical shift 












5.33 1.32 0 0
8.0 - 6.8 ArH, HC=C (conjugated) 11.71 10.26 8.99 9.08




−O−, ArOH, HC=C 
(nonconjugated)
22.09 17.98 11.35 8.08














8.66 10.14 12.56 14.39
2.2 - 1.6 −CH
2
-, aliphatic OH 14.69 14.25 16.74 17.29




-. 14.59 20.5 28.74 36.52
Aliphatic : aromatica − 1.72 3.00 5.06 5.93
a Aliphatic area was taken as the area of the region δ 2.2 – 0.0 ppm, while the aromatic area was taken as 
the area of the region δ 8.0 – 6.4 ppm.
Table 7 13C-NMR of pyrolysis oil and hydrotreated organic phases 
Chemical shift 
region (ppm)


















9.65 6.37 3.51 0.80
163-100 total aromatic 47.18 30.87 35.85 22.06
163-125 general aromatic 25.79 13.27 17.43 15.41
125-112 aromatic (guaicyl) 10.50 6.61 11.07 6.55
112-100 aromatic (syringyl) 10.88 10.99 7.35 0.10
110-84 Carbohydrate 2.06 0.14 0.00 0.00
84-54 methoxy/hydroxy 38.69 21.43 7.15 2.00
54-1 alkyl carbons (total) 38.96 40.10 53.27 75.00
54-36 long/branched aliphatic 1.70 7.00 11.36 25.16
36-1 short aliphatics 37.26 33.10 41.91 49.84
Aliphatic: aromatica − 0.83 1.30 1.49 3.40
aThe area of aliphatic was taken as the area in the region δ 54-1 ppm, while the area of aromatic was 
taken as the area in the region δ 163 – 100 ppm.
mild hydrotreatment step. This is probably due to the occurrence of phase separation. 
The aromatic components are less soluble in the aqueous phase and accumulate in the 
organic phase after hydrotreatment. This was also seen in the solvent fractionation 





















the amount of aromatic components decreased significantly with a concomitant 
increase in the amount of aliphatic components. The decrease in the amount of syringyl 
moieties (δ 112-100 ppm) at higher severity is also confirmed by GC/FID. 
The aliphatic-to-aromatic ratios were also calculated based on the 13C-NMR spectra. 
Similar trends as for 1H-NMR were observed, e.g. an increase in the aliphatics-to-
aromatics ratio at higher process severity. The exact values were different, presumably 
due to extensive overlap of regions in the 1H-NMR spectra.
3.5 Product properties of the upgraded oils
Relevant physical properties of the organic products such as coking tendency (residue 
obtained after TGA) and viscosity were determined, together with a mass-average 
molecular weight (Mw) determined by GPC. The results are depicted in Fig. 14. In this 
case, the oxygen content is taken as the independent variable, being an indicator for the 
severity of the process. The organic phase from stabilisation at 175 oC has a higher Mw 
(598 g/mol) than the fast pyrolysis oil feed (384 g/mol), indicative for the occurrence 
of polymerisation reactions. This is consistent with the observed increase of the HMM-
lignin fraction (Fig. 10) and water production. The stability of the oil increased as 
shown by a decrease in the TG residue (from 15.3 wt% of pyrolysis oil to 12.8 wt%). 
By increasing the stabilisation temperature from 175 oC to 225 oC a significant increase 
in the Mw (from 598 to 1046 g/mol) and the TG residue (from 12.8 to 20.7 wt%) is observed, 
indicative for the occurrence of further polymerisation reactions, likely by condensation 
reactions. A further increase of the stabilisation temperature to 275 oC does not lead to 
further increases in the Mw and TG residue of the organic phase. As these two organic 
phases also have similar H/C and O/C ratios (Fig. 7), this suggests that the average rates of 
hydrogenation and polymerisation at stabilisation at 225 oC and 275 oC are roughly similar.
The Mw of the organic phases obtained at mild hydrotreatment conditions (261 – 
562 g/mol) are considerably lower than those produced in the stabilisation fase. This 
agrees with the partial conversion of HMM-lignin to LMM-lignin shown by the solvent 






















fractionation (Fig. 11). Together with the high H2 consumption (Table 5), this suggests 
that the rate of molecular weight breakdown by hydrogenation or cracking reactions 
is higher than the rate of polymerisation. The TG residue is also reduced considerably 
to 5.7 – 8.4 wt% and again showed a clear relation with the molecular weight. The 
molecular breakdown continues during the 2nd hydrotreatment, resulting in organic 
products with even lower molecular weights (245 – 250 g/mol) and TG residue (2.8 
wt%) than observed for products from the Mild Hydrotreatment step.
The viscosity of the organic phase is given in Fig. 15, and shows a similar trend as 
the Mw and TG residue.
Figure 15 Viscosity of the hydrotreated organic phases
3.6 Overall reaction pathways
Based on the results discussed in the previous sections, a reaction- network is proposed 
(Scheme 1). At the conditions referred to (viz. high pressure with or without hydrogen 
and/or catalyst), pyrolysis oil can react via various parallel or consecutive reactions. 
Parallel reactions include polymerisation (water production), decarboxylation (limited 
CO2 production) and hydrotreating/cracking. Water is produced in small quantities 
(around 10%), likely caused by polymerisation as well as subsequent reactions of 
intermediate alcohols. The occurrence of polymerisation is supported by a large increase 
of the HMM- and LMM lignin fraction in the stabilised oil (Fig. 11) as well as GPC 
data (Fig. 14), and take place at a faster rate (order of minutes) than the hydrotreating 
reactions (tenths of minutes, hours). Due to a change in the oil characteristics, by 
polymerisation but possibly also by hydrotreatment reactions, phase separation occurs. 
As a result, an aqueous phase and an organic phase are formed. 
Polymerisation in this first step thus yields significant amounts of HPTT type of oils, 





















presence of H2 and catalyst are important here to render the oil ‘stable’, i.e. to prevent 
polymerisation. This is due to the hydrotreating reactions (especially hydrogenation 
reactions), like saturation of olefinic groups (C=C bonds), the addition of hydrogen to 
carbonyl groups (C=O bonds) to form alcohols (‘mild hydrogenation’) and successive 
hydrogenations of alcohols to aliphatics and water. 
As stated earlier, pyrolysis oil contains large amounts of monomeric and oligomeric 
sugars, arising from the cellulose and hemi-cellulose fraction of the lignocellulosic 
biomass feed. As such, it is of interest to compare the reaction pathways provided in 
Scheme 1 for pyrolysis oil with that of typical hydrogenation and thermal reactions 
occurring for carbohydrates at various process severities. Thermal decomposition of 
various monomeric sugars in aqueous media has been studied in detail and is known 
to lead to oligomerisation to soluble and subsequently to insoluble humins [47]. As an 
example, Knezevic et al. (2009) [48] studied the thermal decomposition of D-glucose 
in hot compressed water at elevated temperatures (240-374 °C), yielding solids (char, 
humins) and some gaseous components (primarily CO2). At these conditions, the 
reactions are much faster than the reactions taking place for pyrolysis at the lower 
temperatures, and char formation takes place on a time scale of seconds to minutes.
Catalytic hydrotreatment of carbohydrates using heterogeneous catalysts has 
been reported extensively in the literature. The main focus is on the hydrogenation of 
D-glucose to D-sorbitol, a well-known chemical with use in the pharmaceutical and 
the food industry [49]. Catalytic hydrotreatment of D-glucose over Ni, Ru-based and 
Pd-based heterogeneous catalysts at 80 °C, 80 bar H2 yields D-sorbitol in high yields 
[50, 51] (Scheme 2). Hydrogenation reactions at these relatively low temperatures may 
also occur to a significant extent in the stabilisation step in fast pyrolysis oil upgrading. 
In the presence of hydrogen and a catalyst, D-sorbitol is not inert at elevated 
temperatures (above 180 °C) and may be converted to a variety of products. Li and 
Huber [52] reported that retro-aldol condensation and dehydration are the first 
reaction steps in D-sorbitol hydrotreatment (Scheme 3). Dehydration of D-sorbitol 
occurred at the presence of Brønsted acids (on the SiO2-Al2O3 support of the Pt/SiO2-
Al2O3 catalyst) to form sorbitans (1,4- and 1,5-) and isosorbide. In the presence of 
H2 and noble metals such as Pd and Pt, isosorbide undergoes further dehydration 
and hydrogenation to form n-hexane. Retro-aldol condensations of D-sorbitol are 






















reported by a.o. Sohounloue et al [53]. Over Ru/SiO2, the retro-aldol condensation of 
D-sorbitol at 180-240 °C and 80-125 bar hydrogen pressure yields mainly glycerol and 
1,2-propanediol. This implies that C-C bond cleavage occurs readily, leading to the 
formation of lower molecular weight products. 
Reactions described in Scheme 2 and Scheme 3 are likely to occur in the catalytic 
hydrotreatment of fast pyrolysis, which explains the formation of lower molecular 
weight products with higher H/C ratios at higher process severities. 
Thus, it may be concluded that the typical reaction pathways for pyrolysis oils at 
typical low severity hydrotreatment conditions mimic those of low molecular weight 
















































Scheme 2 Catalytic hydrogenation of D-glucose to D-sorbitol





















cleavage reactions to for instance polyols and finally to hydrocarbons. This strengthens 
our initial hypothesis that pyrolysis oil should be regarded as a carbohydrate rich 
“syrup” and not a conventional fossil derived hydrocarbon liquid. 
4 CONCLUSIONS
A reaction network for the catalytic hydrotreatment of fats pyrolysis oil is presented 
based on a wide range of experiements at different process severities. Fast pyrolysis 
liquids can react according to various parallel or consecutive reactions. At temperatures 
up to 275 oC (in the presence of H2 and catalyst), parallel reactions take place including 
polymerisation (water production), decarboxylation (limited CO2 production) and 
hydrogenation. Water is produced in small quantities (approximately 10 wt% of the 
original water content), likely caused by the polymerisation. The latter will take place 
faster (order of minutes) than the hydrotreatment reactions (tens of minutes, hours). 
Due to a change in the product characteristics, the emulsion is broken and a two-phase 
system is obtained (an aqueous phase and an organic phase). 
The first steps in this pathway may yield significant amounts of HPTT type of oils, 
but these will be hydrotreated if (sufficient) H2 and catalyst are available. Without H2/
catalyst, HPTT processes are dominant and polymerisation occurs, eventually yielding 
char components. If H2 and a suitable catalyst are present, hydrogenation reaction 
occur yielding stabilised components that can be further upgraded. 
Hydrogen is costly and hydrogen usage is an important point to assess the techno-
economic feasibility of the catalytic hydrotreatment process (and the subsequent 
refinery) route to liquid fuels. Here, we have shown that the removal of the aqueous 
phase from the Mild Hydrotreatment prior to 2nd Hydrotreatment reduces the overall 
hydrogen consumption. However, the hydrogen required when co-feeding the 
upgraded pyrolysis oil to an existing oil refinery unit (e.g. FCC, fluid catalytic cracking) 
is not known. FCC of hydrogenated oils affects the way the oxygen is removed, viz. 
by decarboxylation rather than dehydration, while coke is formed together with 
additional water. Values for the amount of hydrogen required in an integrated process 
of hydrotreatment and subsequent FCC need to be addressed in an integral project, 
where hydrotreatment and subsequent decarboxylation processes are investigated. 
Further experimental work is foreseen to further elucidate the network proposed 
in Scheme 1 and includes:
 - The development of (better/optimised) catalysts; Preferably, cheaper catalyst than 
the noble ones are developed, and options include supported nickel catalyst [54].
 - Identification of the hydrogen source and availability; perhaps even syngas is 
applicable.
 - The effects of reactor configuration on the reaction rates (including mass transfer 
issues).
 - Optimisation of the hydroprocessing conditions.
 - Establishment of the effects of reaction exothermicity.
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HYDROTREATMENT OF WOOD-BASED PYROLYSIS OIL USING 
ZIRCONIA-SUPPORTED MONO- AND BIMETALLIC (Pt, Pd, Rh) 
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Fast pyrolysis oil (PO), the liquid product of fast pyrolysis of lignocellulosic biomass, 
requires upgrading to extent its application range and for instance to allow for co-feeding 
in an existing oil-refinery. Catalytic hydrotreatment reactions (350 oC, 200 bar total 
pressure, and 4 h reaction time) with mono- and bi-metallic metal catalysts based on 
Rh, Pt, Pd on a zirconia support were performed in a batch set-up. Pd/ZrO 2 showed 
the highest activity, followed by Rh/ZrO2. Product oils with the best product properties 
were obtained with Rh/ZrO2. For this catalyst, the TGA residue, which is a measure for 
coking tendency, was 13.4 wt% and the Mw of the product oil (748 g/mol) was lowest. All 
noble metal catalysts showed higher activities per g of metal than the benchmark catalyst 
CoMo/Al2O3. Hydrotreatment reactions at variable batch times were performed to gain 
insights in reaction pathways and showed the involvement of competitive hydrogenation/
hydrocracking and polymerisation pathways. Temperature programmed oxidation 
(TPO) measurements of spent catalysts showed the presence of carbonaceous deposits 
on the catalysts (2-6 wt%). These deposits may be removed by oxidation at temperatures 
lower than 600 oC without changing the morphology of the catalyst.
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Research on biofuels, biobased chemicals and biobased performance materials has 
boosted during the last decade. The main drivers are the objectives set by many 
countries to increase the use of renewable energy carriers. For example, the US Energy 
Independent and Security Act of 2007 aims for a production of at least 16 billion gallons 
of cellulosic-based biofuels by 2022 [1]. In the European Union, the use of biofuels is 
targeted to reach 20% of EU transportation fuels by 2020 [2]. 
Lignocellulosic biomass can be liquefied using fast pyrolysis technology to obtain 
a liquid energy carrier known as pyrolysis oil (PO) in high yields (up to 80 wt%) [3]. 
During fast pyrolysis, the biomass source is exposed to high temperatures (typically 450 
– 600 oC), in an inert atmosphere, for a short residence time (1 – 2 s). PO, a mixture of 
hundreds of organic compounds containing a variety of organic groups, has a limited 
application potential due to some unfavourable product properties [4-8]. The PO is polar, 
and as a consequence, not miscible in hydrocarbons, is rather acidic due to the presence 
of organic acids and the presence of thermally labile, easily polymerisable compounds 
tends to reduce the thermal stability of the oil. As such, the oil is not applicable for co- 
feeding in existing oil refineries, a potentially very attractive outlet for pyrolysis oil. 
Within the framework of the 6th framework EU BIOCOUP project [9], we are exploring 
possible upgrading routes for fast pyrolysis oil to allow the product to be co-fed in 
existing refineries. Several upgrading processes have been investigated and examples are 
catalytic cracking over an acidic, often zeolitic, material [10], short exposure of the oil 
to high temperatures and pressures at inert conditions (HPTT, high pressure thermal 
treatment) [11], and catalytic hydrotreatment (also called HDO, hydrodeoxygenation) at 
elevated temperatures (230 – 550 oC) and pressures (50 – 200 bar) [12-15]. Esterification 
of the carboxylic acids in the PO has also been proposed to reduce its acidity [12, 13]. 
From the processes mentioned above, catalytic hydrotreatment has so far received 
the most attention [14-18]. Recent study by de Miguel Mercader et al. [14] showed 
that the product oil from catalytic hydrotreatment could successfully be co-fed (mixed 
with long residue oil) into a simulated refinery unit. Further insights in the processes 
on a molecular level taking place during catalytic hydrotreatment were reported by 
Venderbosch et al. [15] by performing extensive experimental studies using Ru/C. 
Reaction pathways were proposed involving catalytic hydrogenation reactions in 
parallel with undesired repolymerisation reactions leading to higher molecular weight 
fragments. The catalytic and non-catalytic (thermal route) reactions are competitive, 
and the quality of the product oil (H/C ratio, Mw, thermal stability) is determined by 
the relative rate of both reactions. The thermal reaction has been studied in detail and 
is known to take place on a timescale of seconds-minutes at elevated temperatures 
[15]. As such, it will always occur during catalytic hydrotreatement, which is known 
to take place on a timescale of hours. At longer reaction times, the higher molecular 
weight fragments and the initial hydrogenated products are further hydrogenated/
hydrodeoxygenated to low molecular weight organics with a higher hydrogen to carbon 













Both noble metals and other transition metals have been applied for the catalytic 
hydrotreatment of PO. Conventional hydrodesulphurisation catalysts (NiMo/Al2O3 
and CoMo/Al2O3) in their sulphided form have been used widely [16, 19-21]. The 
alumina (Al2O3) support in these cases is susceptible to attack by water and organic 
acids, leading to leaching and catalyst deactivation [16, 22-24]. Besides, the use of a 
sulphur-donor like H2S or DMDS is required to maintain catalytic activity [20, 25]. 
This results in contamination of both the product oil and off gas with S-containing 
compounds [26], which is undesirable from an environmental point of view. 
In addition to the study with Ru/C performed by Venderbosch, et al. [15], 
Wildschut et al. [18] tested Ru/TiO2, Ru/Al2O3, Pt/C, and Pd/C, and reported high 
hydrotreatment activity. The use of Pt/Al2O3 and Pd/C has also been reported by Elliott 
et al. [21, 27, 28]. ReUSY [29] and Pt/Al2O3-SiO2 [30] have also been applied, although 
severe deactivation due to the use of the Al2O3-support was observed.
Rh, Pd, and Pt on ZrO2 (either as mono- or bimetallic catalysts), were shown to 
be active for the hydrodeoxygenation of guaiacol, a model compound for the lignin 
fraction in PO [31]. ZrO2 was applied as the support as it has a higher stability in 
(acidic) water at elevated temperatures than Al2O3 [32, 33]. The activity of the catalysts 
was the following: Rh/ZrO2 = RhPt/ZrO2 > RhPd/ZrO2 > CoMo/Al2O3 (commercial) > 
Pd/ZrO2 > Pt/ZrO2 > PdPt/ZrO2. Coke deposition on the catalyst after reaction (0.4 – 
1.8 wt%) was less than for the commercial CoMo/Al2O3 (6.7 wt%) catalyst, presumably 
due to the lower acidity of ZrO2 compared to Al2O3 and the high activity of noble 
metals for the gasification of carbonaceous deposits. 
Both catalyst performance and product properties of the product oil are important 
when considering catalytic hydrotreatment for co-feeding applications in existing oil 
refineries. Catalysts should preferably have a high turnovernumber, meaning either a 
high catalyst activity or a low-medium activity combined with good catalyst stability. 
Catalytic hydrotreatment processes for pyrolysis oil typically are relatively slow, and 
take place on a timescale of hours and as such catalyst stability is of high importance. 
When considering the known tendency of catalyst coking during pyrolysis oil 
upgrading [15, 27, 34], easy catalyst regeneration procedures are of utmost importance. 
Finally, S addition to maintain catalyst activity should be avoided. Considering product 
properties, the thermal stability of the oil and particularly the tendency for coke 
formation, acidity and miscibility with hydrocarbons are of prime importance [14]. 
In this work, the mono- and bimetallic ZrO2-supported Rh, Pd, and Pt catalysts 
were tested for the catalytic hydrotreatment of PO. The relevant physical properties 
and particularly the stability upon heating as well as the elemental- and molecular 
composition of the product oils were determined using a variety of techniques. Catalyst 
leaching was studied by measuring the metal content in the aqueous phase after reaction. 
The amount of coke on the catalyst was determined by TPO measurements and further 















2.1 Composition of the wood-based pyrolysis oil
The PO used in this study was provided by VTT (Espoo, Finland) and was produced by 
the fast pyrolysis of pinewood. The main composition is given in Table 1.






O (by difference, wb) 52.1
O (db) 40.1
Water content 23.9
Atomic O/C (db) 0.56
Atomic H/C (db) 1.47
awb = wet basis, db = dry basis
2.2 Catalyst preparation
The ZrO2 support (MEL Chemicals EC0100) was ground and sieved to 0.25 – 0.42 
mm and calcined at 900 °C for 16 h. The monometallic catalysts Rh, Pt, and Pd were 
prepared by an impregnation method using the corresponding metal precursors, the 
bimetallic catalysts RhPt and RhPd by co-impregnation. The preparation of the PdPt 
catalyst involved consecutive metal impregnations of the metals as co-impregnation 
resulted in the formation of an insoluble precipitate. Pt(NH3)2(NO2)2 (Aldrich, 3.4 wt% 
in dilute ammonium hydroxide), Rh(NO3)3 (Aldrich, 10 wt% Rh in > 5 wt% nitric 
acid), and Pd(NO3)2 (Aldrich, 99.95% metal basis, 12-16 wt% Pd) were used as the 
metal precursors. After impregnation the catalysts were dried at room temperature for 
4 h and then at 100 °C overnight. Subsequently, the catalysts were calcined at 700 °C 
for 1 h. More details on the preparation of the catalysts are given elsewhere [35]. A 
commercial hydrotreating catalyst CoMo/Al2O3 was ground and sieved to a particle 
size range of 0.25 – 0.42 mm and used after sulphidation (see Section 2.6). 
2.3 Catalyst characterisation
The surface and active phase of both fresh and spent noble metal based catalysts 
were characterised using various analytical methods. The metal loading of the fresh 
catalysts was determined by X-ray fluorescence (Philips PW 1480 XRF equipped with 
UniQuant 4–software). Surface area and pore size distribution were determined with 
N2 physisorption. H2 chemisorption was performed to determine the irreversibly 













of the catalysts. N2-physisorption and H2-chemisorption for the fresh and spent 
catalysts were performed using a Coulter Omnisorp 100 CX, details about the setup 
are provided elsewhere [35, 36]. 
Temperature programmed oxidation (TPO) and Raman spectroscopy were used 
to characterise the carbonaceous species deposited on the used catalysts. After the 
hydrogenation experiments, the catalysts were washed in acetone to remove all unreacted 
PO and acetone soluble products. The TPO experiments were performed in a quartz 
reactor. Air (600 ml/min, NTP) was used as the oxidising agent. The temperature was 
increased from room temperature to 700 oC (5 oC/min). The outlet gas was diluted with 
N2 to 900 ml/min (NTP) and the concentrations of CO2, CO and water were analysed by 
Fourier transformed infrared spectroscopy (FT-IR). The total evolution of CO and CO2 
was used to calculate the amount of carbonaceous deposits on the catalyst. 
Raman spectra were measured with a Raman spectrometer (Renishaw Micro-
Raman System-1000) equipped with an Ar+ (514 nm) laser, a cooled CCD detector 
and a holographic super-Notch filter to eliminate elastic scattering. The spectra were 
recorded in air at room temperature and atmospheric pressure. A low laser power of 
1 mW was used to avoid overheating of the sample. The region of interest on the sample 
was selected using a microscope at 50 or 100 times magnification. 
2.4 Reactor set-up 
The hydrotreatment of PO was performed in a 100 mL batch autoclave (Parr, maximum 
operation temperature and pressure are 350 oC and 350 bar, respectively) equipped 
with an overhead stirrer. A four-blade impeller was used for stirring the content of the 
reactor. Temperature and pressure were recorded on-line during an experiment. The 
set-up was equipped with a PO feeding system under pressure. 
2.5 Hydrotreatment reactions with the noble metal catalysts
The catalyst (0.5 g) was introduced to the reactor and pre-treated in situ. The catalyst 
was dried in a N2 atmosphere (10 bar, Linde, 99.999 %) for 1 h at 350 °C. After drying, 
the catalyst was reduced in H2 (10 bar, Linde, 99.999 %) for 1 h at 350 oC. The reactor 
was then cooled to room temperature, the pressure was released, and pyrolysis oil 
(25 g) was fed through a pressurized feeding system. The H2 pressure was increased to 
85 bar and subsequently the reactor content was heated to 350 oC. The total pressure 
at this temperature was approximately 200 bar. This point was set as the start of the 
reaction. The hydrotreatment reaction was performed for 4 h in a batch mode with 
a stirring speed of 1300 rpm. During reaction, the pressure reduced due to hydrogen 
consumption. After the pre-determined reaction time, the reactor was cooled to room 
temperature and the pressure at this point was recorded. A gas phase sample was 
collected. The content of the reactor was collected in a centrifuge tube and centrifuged 
at 4500 rpm and 35 oC for 30 min to separate the organic, aqueous, and solid phases. 
The solid phase was washed with acetone, filtered, and dried in the oven (100 oC, 2 h) 
to determine the amount of carbonaceous species formed. The acetone in used for 














to the weight of the product oil. The weight of each phase was determined and used to 
determine the mass balance for the reaction. 




The catalyst (0.5 g) of was introduced to the reactor and sulphided in situ. Drying of 
the catalyst was performed in a N2 atmosphere (10 bar) at 350 oC for 1 h. The reactor 
was depressurized, and a mixture of 0.1 g of DMDS (≥ 99 %, Sigma-Aldrich) in 15 ml 
of n-hexane (95%, Sigma-Aldrich) was introduced to the reactor via the feeding line. 
The reactor was flushed with H2 and subsequently pressurised to 10 bar H2. After 1 h 
at 350 oC, the pressure in the reactor released, and the remaining n-hexane was flushed 
with a flow of N2 for 10 min. The reactor was then cooled down to room temperature. 
From this point on, the reaction was performed in the same way as described for the 
noble metal catalysts (section 2.5).
2.7 Analysis of reaction products
The gaseous products were analysed using GC. A HP5890 Series II GC equipped with a TCD 
analyser and a column set consisting of a CP Porabond Q (50 m x 0.5 mm, film thickness 
10 μm) and CP-Molsieve 5Å (25 m x 0,53 mm, film thickness 50 μm) was applied. 
Elemental analysis of the liquid products was performed using a EuroVector EA3400 
Series CHNS-O analyser with acetanilide as reference. All analyses were carried out 
twice and the average value is reported. The water content of the organic phases was 
determined in duplicate by volumetric Karl-Fischer titration using a Metrohm 702 SM 
Titrino titration device. 
The oil phase of each catalytic reaction was analysed by 1H- and 13C-NMR and GPC 
to gain insights in the chemical reactions of the various compound classes during the 
catalytic hydrotreatment experiments. The NMR spectra were measured on a Varian 
AS400 spectrometer. CDCl3 (Sigma-Aldrich) was used as the solvent. The chemical shifts 
are denoted in δ-units (ppm) and the residual protons in the solvent (CDCl3, δ = 7.24 
ppm) were used as the reference. Gel Permeation Chromatography (GPC) was performed 
using an Agilent HPLC 1200 analyser equipped with a refractive index detector. Three 
columns in series of the mixed E type (length 300 mm, i.d. 7.5 mm, Agilent) were used. 
Polystyrene was used as the calibration standard. The product oils were dissolved in 
tetrahydrofuran (10 mg/mL) and filtered (0.2 μm pore size) prior to analysis. 
The thermal stability of the product oils was studied by TGA (Thermo-Gravimetric 
Analysis). The measurements were performed using a TGA 7 analyser from Perkin-
Elmer. The samples were heated in a N2 atmosphere with heating rate 10 oC/min in a 
temperature range from 20 to 900 oC. 
ICP-OES (Inductively Coupled Plasma – Optical Emission Spectrometry) analysis 
of the aqueous product phase was performed using an Optima 700 DV (Perkin Elmer) 
analyser. ICP-OES was performed to measure the metal content in the aqueous phase 
after reaction. 
A capillary electrophoresis (CE) system from Agilent Technologies was used to 













analyser was equipped with a standard fuse capillary (75 μm i.d., 72 cm active length, 
and 80.5 cm total length) and a diode array detector (DAD). The CE was operated at 
20 oC and a voltage of -25 kV. Electropherograms were recorded in DAD at 350 nm with 
a reference at 200 nm. A buffer solution (pH = 4.6) containing 5 mM cetyltrimethyl-
ammonium bromide (CTAB, Agilent Technologies) was used. The capillary was 
preconditioned prior to each measurement by flushing with a buffer solution for 4 min 
at 1 bar. All samples were measured in duplicate.
2.8 Determination of hydrogen uptake and catalyst activity
The H2 uptake during an experiment was determined from the pressure and temperature 
recordings and the gas phase composition before and after reaction using the ideal gas 
law. The volume of the gas cap was assumed to be constant along the reaction. The 
initial number of moles of H2 in the reactor is given by:
(1)
where  is the initial amount of hydrogen (in moles) in the reactor,  is the 
volume of the gas phase,  is the initial pressure in the reactor (in room temperature), 
is gas constant, and  is the initial temperature in the reactor (room temperature).
After reaction, the reactor was cooled to room temperature and the total pressure 
was recorded. In combination with the known composition of the gas phase (GC-TCD), 
the amount of hydrogen at the end of the reaction is given by:
(2)
where  is the amount of hydrogen (in moles) in the reactor after the reaction, 
 is the mole fraction of the hydrogen in the gas cap after reaction (as measured 
by GC-TCD),  is the pressure in the reactor after the reaction (measured in room 
temperature) and  is the final temperature in the reactor (room temperature).
With this information, the hydrogen uptake per kg feed was calculated using Eq. 3. 
(3)
where  is the hydrogen uptake (in normal liter, NL) per kg feed and  
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The activity of the catalyst is calculated from the H2 uptake, metal intake, and 
reaction time (Eq. 4) and expressed as NLhydrogen/(kgPO.gmetal.h). For the bimetallic 
complexes, the activity is based on the sum of the amount of the metals.
(4)
3 RESULTS AND DISCUSSION
3.1 Properties of the noble metal catalysts 
The properties of the catalysts have been reported in detail elsewhere [31]. A summary 
of relevant properties is presented in Table 2.
The metal loading for the monometallic catalysts varied between 0.25 (Pd) and 0.73 
(Pt) wt%. For the bimetallic catalysts, the sum of the two metals is between 0.36 and 0.5 
wt%. The BET surface area of the catalysts ranges between 16-23 m2/g, which is close 
to the original ZrO2 support (20 m2/g). H2-TPR measurements showed reduction steps 
at a temperature of 300 oC or below, except for the Pt catalyst, which showed a higher 
reduction temperature [31].
Experimental studies by Kaila et al. [36] on the autothermal reforming (ATR) of 
long-chain hydrocarbons showed that the performance of the bimetallic catalyst was 
better than the monometallic catalysts. These findings were rationalised by assuming 
an interaction between Rh and Pt in the bimetallic catalysts, leading to improved 
performance [35]. Different techniques were used to characterise the RhPt bimetallic 
catalyst (temperature-programmed reduction (TPR), scanning electron microscopy 
(SEM), and energy dispersive X-ray (EDX)) indicating the presence of a Rh-Pt-O 
ternary system and metal clusters consisting of a RhxPt1-x alloy subsurface with a 













3.2 Hydrotreatment of pyrolysis oil 
3.2.1 Mono- and bimetallic noble metal catalysts
The catalytic hydrotreatment reactions were carried out at 350°C and a total pressure of 
200 bar. The catalyst intake was typically 2 wt% on PO. Two immiscible liquid phases were 
obtained after reaction, viz a dark brown organic bottom phase (product oil, 37.3 – 46.7 
wt%) and a yellowish, aqueous top phase (28.4 – 36.4 wt%). In addition, also some solids 
(chars, 2.1 – 3.3 wt%) and gas phase components like CO2, CO and CH4 were formed. 
Mass balances are presented in Table 3. For some of the experiments, mass balance 
closure was below 90%. This is mainly due to the high viscosity of the product oils which 
hampers isolation from the reactor and the linings. Reproducibility regarding elemental 
composition of the product oil was tested for two experiments with the PdPt/ZrO2 catalyst 
at identical process conditions and intakes. The H/C values were 1.03 and 1.06 (2.9 % 
difference), and the O/C were 0.104 and 0.099 (4.8% difference). Experimental errors are 
in line with earlier detailed studies carried out in our group in the current batch set-up 
using a Ru/C catalysts [17], indicating that reproducibility is satisfactory.
For each reaction, the uptake of H2 was determined and found between 68 – 107 
NL/kgPO for the noble metal catalyst and 186 NL/kgPO for the sulphided CoMo catalyst 
(Table 3). The H2 uptake was used as a measure for catalyst activity and the results are 
given in Table 3. Here, the activity is expressed per gram of catalyst as well as per gram 
of active metal (sum of noble metals and Co and Mo in case of CoMo/Al2O3). 
When considering the activity of the mono-metallic catalysts (Fig. 1, Table 3), the 
performance of the Pt catalyst is significantly lower than the Rh and Pd analogues. 
This is likely due to incomplete reduction of Pt at the catalyst activation temperature 
(350 oC), as evident from TPR measurements [31]. Catalytic activity for the bimetallic 
compounds falls in the range of the monometallic catalysts (Fig. 1). 
The activity for the benchmark sulphided CoMo/Al2O3 catalyst is lowest when 
comparing by active metal intake. However, due to the considerably higher metal 
loading of the CoMo catalyst (> 10 times), its activity per gram catalyst basis is a factor 
two higher than that of noble metal catalysts. Experiments with noble metal catalysts 
on the zirconia support with a higher metal loading will be required for a proper 
comparison of the activity data. 
The catalyst activities for the hydrotreatment of fast PO with the noble metal catalysts 
differ from those reported for the hydrotreatment of guaiacol [31]. Here, Rh/ZrO2 
showed the highest activity. This is probably due to the fact that the model compound 
only represents the lignin-fraction of the PO. It clearly indicates that translation of 
catalyst activity data for model systems to real pyrolysis oil feeds is not possible.
For comparison, experiments were carried out in the absence of a catalyst (though in 
the presence of H2) and with the ZrO2-support alone. The experiment without catalyst 
showed a relatively low H2 uptake of 30 NL/kgPO, which indicates that the reactor wall 
is likely catalytically active and contributes to the reactions. The support is also not 
inert, and a H2 uptake of 44 NL/kgPO was observed, which is slightly more than for the 







































































































































































































































































































































































































































































































































































































































than for the noble metal catalysts though still significant. Activity of the ZrO2 support 
was also observed for the hydrotreatment of guaiacol [31]. Here, cyclohexanol and 
1,2-dimethoxybenzene were the main product of the reactions at 100°C, the former 
indicating that hydrogenation takes place to a considerable extent. These components 
were also the main products of the hydrotreatment of guaiacol with the most active 
Rh/ZrO2 catalyst when short reaction times were applied. 
Hydrodeoxygenation and condensation (polymerisation) reactions are expected to 
result in the formation of water. This was indeed the case and water was formed in 
considerable amounts as evident from the mass balances (Table 3). For instance, the 
hydrotreatment with Rh/ZrO2 results in the formation of 6.8 wt% of water, based on 
the pyrolysis oil used in the experiment. 
3.2.2 Compositions and properties of the product phases
3.2.2.1 Gas phase
The yields of gas phase products are between 6.1 – 9.8 wt% based on feed intake. The 
experiments with the noble metal catalysts produced less gas phase components (1.61 
– 2.18 mol/kgPO) than CoMo/Al2O3 (2.32 mol/kgPO). The main reaction products were 
CO2 (0.03 – 1.55 mol/kgPO), CO (0.04 – 0.21 mol/kgPO), CH4 (0.12 – 0.42 mol/kgPO), and 
small hydrocarbons (C2 – C3, 0.22 – 0.39 mol/kgPO), see Fig. 2 for details. The major 
component in the gas phase was unreacted H2 (71.4 – 81.9 mol %), showing that the 
reactions were not carried out under H2 starvation conditions. 
3.2.2.2 Aqueous phase
All catalytic reactions resulted in the formation of a separate aqueous phase. This 
aqueous phase still contains (polar) organic molecules, as is evident from the carbon 
Figure 1 Catalyst activity for the various mono- and bimetallic catalysts tested for hydrotreatment of 














content (4.5 – 9.2 wt%). Apparently, these organic molecules have a higher affinity for 
the water phase than the product oil. The CE measurements showed the presence of 
considerable amounts of acetic acid in the aqueous phase, see Table 3 for details. For 
comparison, the PO feed contains 2.6 wt% of acetic acid (0.69 g acetic acid intake). The 
data in Table 3 show that the acetic acid content in the water phase for some cases is 
higher than the original intake. When considering that the organic phase also contains 
some organic acids, it indicates that acetic acid conversion under reaction conditions is 
low or even absent and that even small amounts of acetic acid may be produced during 
the hydrotreatment reactions. A possible formation pathway is the acid catalysed 
decomposition of the carbohydrate fraction. 
3.2.2.3 Product oil
The liquid organic phase (product oil) is the major product of the reaction. The viscosity 
varies considerably and ranges from an flowable liquid to a rather viscous paste. The 
organic phase still contains considerable amounts of water (1.7 – 8.4 wt %, see Table 3). 
The oxygen content ranges between 7.7 and 11.0 wt% (dry basis) which is considerably 
lower than the original pyrolysis oil (40.1 wt% on dry basis). 
The elemental compositions (O/C and H/C molar ratio) of the product oils are shown 
in a van Krevelen plot (Fig. 3). The O/C ratios fall within a relatively narrow range (0.07 – 
0.10), whereas a much larger spread is observed for the H/C values (0.99 – 1.19). Products 
with the highest H/C ratio were found for the CoMo/Al2O3, followed by Rh/ZrO2. Hence, 
there appears a relation between H2 uptake and product H/C ratio, with catalysts giving 
the highest H2 uptake leading to product oils with the highest H/C ratio (Fig. 4). 
It is of interest to compare the O/C and H/C values of the catalytic experiments with 
experiments in the absence of a catalyst (non-catalytic, thermal) and with the ZrO2 
support only (Fig. 3). Clearly, the O/C ratio of the viscous product from a non-catalytic 














experiment is in the range for the catalysed reactions, whereas the H/C ratio is by far 
the lowest. Apparently, a low O/C ratio is not a good measure for catalytic activity. The 
low O/C ratio is likely due to thermal polymerisation reactions with the concomitant 
formation of water (see Scheme 1). A variety of studies have been reported for the non-
catalytic reaction, also known as the HPTT process and the results in this paper are 
in line with these findings [11, 15]. H/C ratio is therefore by far a better measure for 
hydrogenation/hydrodeoxygenation activity. 
The oil phase of each catalytic reaction was analysed by GPC and NMR (proton 
and carbon) to gain insights in the chemical reactions of the various compound classes 
during the catalytic hydrotreatment experiments. In addition, the thermal stability of 
the product oils was determined by TGA. The latter is an important product property 
for co-feeding applications, and a product with a low thermogravimetric residue (TG 
residue) is required. The mass-average molecular weight (Mw) and the TG residue are 
given in Table 4. The absolute values of Mw should be viewed with some reservation 
as polystyrene was used as the GPC reference [37]. However, clear trends can be 
observed. The Mw values range between 780 and 1770 g/mol, compared to 750 g/mol 
for the crude pyrolysis oil. Thus, hydrotreatment under the prevailing conditions leads 
to an increase in the molecular weight, indicative for the occurrence of polymerisation 
reactions. This implies that the polymerisation pathway in the proposed reaction 
network (Scheme 1, Chapter 1) occurs to a considerable extent. This indicates that 
the hydrogenation pathway is occurring at a similar time scale as the polymerisation 
reactions when using the mono- and bimetallic noble metal catalysts. 
Insights in the thermal stability of the product oils were obtained from TGA 
measurements (Table 4). A low residue indicates that the product has a low coking tendency, 
which makes the oil more suitable for co-feeding in refinery units. The TG residues vary 
Figure 3 van Krevelen plot of the product oils (T= 350 °C, P= 200 bar, 4 h). Left figure: complete graph; 














between 13.3 and 23 wt% for the catalytic reactions. The TG residue correlates with the 
H2 uptake during the reaction, see Fig. 6 for details. Best results, i.e. lowest TG values, 
were obtained with Rh/ZrO2 and sulphided CoMo/Al2O3. These catalysts also gave the 
highest hydrogen uptakes, leading to organic phases with the highest H/C ratio (Fig. 4). 
The relation between H2 uptake and TG residues is in line with earlier findings for Ru/C 
catalysts, where the lowest TG residues were found for conditions giving the highest H2 
uptake. These observations were rationalised by assuming that TG residues are related to 
the Mw of the products and thus indirectly to the H2 uptake, with high H2 uptakes giving 
products with a low Mw and as a result a low TG residue [38].
The highest TG residues were observed for the organic phases from the reaction 
without catalyst. It implies that products with a low O/C ratio, as found for the organic 
product from a reaction without catalyst (Fig. 4), is not necessary of interest for co-
feeding purposes and a high H/C ratio instead of a low O/C ratio is a prerequisite for 
a low TG residue. 
The molecular composition of the product oils was determined by 1H- and 
13C-NMR. A classification system published by Mullen [7] and Ingram [39] was used 
to group the various organic functionalities in the product oils. The results are given 
in Table 5 (1H-NMR), and Table 6 (13C-NMR). Most of the product oils have a limited 
solubility in CDCl3, presumably due to the relatively high Mw of the products and this 
hampers 13C-NMR measurements. Therefore, 13C-NMR spectra were only recorded for 
the upgraded products with the lowest Mw (Rh/ZrO2 and sulphided CoMo/Al2O3). 
1H-NMR data indicate the occurrence of a number of chemical reactions 
during the catalytic hydrotreatment reactions. Typical aldehyde (δ 10.0 – 8.0 ppm) 
and carbohydrates resonances (δ 6.4 – 4.2 ppm) were absent in the product oils, 
indicative for a high reactivity of these organic compound classes. Possible pathways 
Figure 4 H2 uptake vs the H/C ratio for the hydrotreatment of pyrolysis oil with various catalysts (T= 
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aexperiments were performed at 350 oC, 200 bar total pressure, 4 h.
bvalue should be viewed with reservation and is likely 
underestimated as the sample was not completely soluble in THF. 
are hydrogenation of the aldehyde function to the corresponding alcohols, eventually 
followed by dehydration to C-C double bonds. The aliphatic/aromatic ratio for all 
products is higher than the original pyrolysis oil, an indication that the amount of 
aliphatic hydrocarbons increases at the expense of aromatic hydrocarbons during the 
catalytic hydrotreatment. These effects are most profound for the catalyst with the 
highest H2 uptake (CoMo/Al2O3). 
13C-NMR data for the product oils obtained with Rh/ZrO2 and sulphided CoMo/
Al2O3 showed a dramatic decrease in the intensity of the peaks arising from the carbonyl 
groups (δ 215 – 163 ppm), carbohydrates (δ 110 – 84 ppm), and methoxy/hydroxyl 
groups (δ 84 – 54 ppm). These findings are in line with the 1H-NMR results and 
indicative for a high reactivity of these compound classes. Furthermore, a significant 
increase in intensity of the aliphatic carbons (δ 54 – 1 ppm) was observed, in line with 
the higher H/C ratio of the product oils compared to the fast pyrolysis oil feed. 
3.3 Hydrotreatment of pyrolysis oil with Rh/ZrO
2
 at different reaction times
To gain insights in the effect of reaction time on the catalytic hydrotreatment reaction, 
a number of experiments were carried out with Rh/ZrO2 at reaction times of 1, 2, 4, and 
6 hours. The H2 consumption and mass balances for each reaction are given in Table 7. 
For all experiments, an oil phase and a water phase were obtained after reaction. The 
product oil is the major product and yields between 37 and 50 wt% based on PO intake 
were obtained. 
A plot of the H2 uptake and the catalyst activity versus the reaction time is given in 
Fig. 7. The H2 uptake increases from 1-4 h, though levels off when the reaction time 





































































































































































































































































































































































































































































Figure 5 TG residue plotted against the Mw of the product oils obtained from catalytic hydrotreatment 
with various catalysts. Hydrotreatments were performed at 350 oC, 200 bar total pressure, 4 h.
Figure 6 TG residue of the product oils obtained from catalytic hydrotreatment with various catalysts, 
plotted against the H2 uptake. Hydrotreatments were performed at 350 oC, 200 bar total pressure, 
and 4 h.
explanation is based on the fact that PO is a multi-component mixture with a wide range 
of compounds with different reactivity. As the reaction proceeds, the concentration 
of easily hydrogenated compounds (e.g. aldehydes) decreases, leaving less reactive 
compounds behind.
The elemental composition of the product oils is shown in Fig. 8. It shows that the 
H/C ratio increases as the reaction time is prolonged from 1 to 4 h, whereas the value is 
about equal for reaction times of 4 and 6 h. This trend corresponds with the H2 uptake 














Table 6 13C-NMR data for pyrolysis oil and product oils after a catalytic hydrotreatment with Rh/
ZrO2 and CoMo/Al2O3a
Chemical shift region 
(ppm)






















163-100 total aromatics 18.62 26.46 21.73
163-125 general aromatics 6.95 18.67 13.83
125-112 aromatics (guaicyl) 9.69 6.33 7.90
112-100 aromatics (syringyl) 1.98 1.46 0.00
110-84 Carbohydrates 1.59 0.00 0.00
84-54 methoxy/hydroxyl groups 13.09 1.27 0.14
54-1 alkyl carbons (total) 21.92 71.50 77.32
54-36 long/branched aliphatics 2.12 20.93 11.68
36-1 short aliphatics 19.80 50.57 65.63
Aliphatics/total aromatics 1.18 2.70 3.56
a Hydrotreatment conditions: 350 oC, 200 bar of total pressure, and 4 h of reaction time.
bCarbon assignment based on a method by Ingram [39]
The physical properties of the product oils (Mw and TG residue) as a function of the 
H2 uptake are given in Fig. 9. The TG residues were between 22.9 and 13.4 wt%, whereas 
the Mw values ranged between 1060 and 780 g/mol. At short reaction times, the Mw 
values are highest. When going from 2 to 4 h reaction times, the Mw of the product oil 
drops considerably. A further increase to a 6 h reaction time leads to a small increase in 
Mw. Similar trends were observed for the TG residue. 
These observations may be explained by considering the reaction pathways provided 
in Scheme 1. The formation of higher molecular weight compounds at short reaction times 
indicates the occurrence of thermal repolymerisation reactions besides hydrogenation 
reaction (as evident from the H2 uptake). The molecular weight subsequently drops 
considerably and this implies that the higher molecular weight fractions are not inert 
and may be partly depolymerised, most likely by a hydrogenolysis reaction.
3.4 Catalyst stability
Catalyst stability has shown to be an issue for the catalytic hydrotreatment of pyrolysis 
oil using supported heterogeneous catalysts due to the harsh conditions (high pressure, 
temperature and presence of water and organic acids) [23]. Deposition of carbonaceous 
materials on the catalyst is also reported and affects catalyst stability and activity. The 
formation of carbonaceous deposits is likely associated with the sugar fraction in the 













Figure 7 H2 uptake and catalyst activity for the hydrotreatment reaction with Rh/ZrO2 at various 
reaction times. Conditions: 350 oC and 200 bar of total pressure
To gain insights in the stability of the catalysts applied in this study, the catalysts 
after reaction were analysed using TPO and Raman spectroscopy. TPO was applied 
to determine the amount of carbonaceous deposits on the catalyst and Raman 
spectroscopy to determine the nature of the carbonaceous deposits. In addition, the 
aqueous phase after reaction was analysed by ICP-OES to determine the extent of 
leaching of the metals and the support.
The CO2 thermograms from TPO measurements on the spent catalysts are given in 
Fig. 10. The results for the mono- and bimetallic noble metal catalysts were very similar 
Table 7 H2 uptake, mass balances for the catalytic hydrotreatment with Rh/ZrO2 as the catalyst 
at 350 oC, 200 bar of total pressure, and different reaction times
Reaction time 1 h 2 h 4 h 6 h
H
2
 uptake (NL/kg 
PO
) 69 78 107 104
Yields
Total product oil, wt % of feed 46.2 37.3 37.3 50.5
Aqueous phase, wt% of feed 32.5 36.4 36.4 33.1
Gas, wt% of feed 8.0 9.8 9.8 7.8
Char (acetone insoluble), 
wt% of feed
1.2 1.8 2.1 2.1
Mass Balance closure, wt% 87 84 84 92
Oxygen content (dry) of the organic 
phase (wt%)
10.1 11.1 11.0 11.8
Moisture content of the organic phase 
(wt%)














Figure 8 van Krevelen plot of the product oils from the hydrotreatment of pyrolysis oil with Rh/ZrO2 
(T= 350 °C, P= 200 bar) at various reaction times.
and for clarity only the CO2 thermograms for ZrO2, Rh/ZrO2, Pd/ZrO2, RhPd/ZrO2, 
and sulphided CoMo/Al2O3 are shown in the Fig. 10. The noble metal catalysts and the 
ZrO2–support show a broad peak with a maximum at 360 – 370 °C which differs only in 
intensity. This indicates that both the nature of the carbonaceous deposits on the noble 
metal catalysts and the activities of the catalysts for the gasification of carbonaceous 
species are about similar. The thermogram of ZrO2 shows a shoulder at 500 °C which 
may correspond to the oxidation of more complex organic compounds with higher 
molecular weights than the ones oxidised at lower temperatures. 
Temperatures over 400 °C are required to oxidise the carbonaceous deposits on 
the sulphided CoMo/Al2O3. This higher temperature compared to the noble metal 













catalyst is likely related to the lower activity of this catalyst for the gasification of 
carbonaceous species. 
The total amount of CO2 and CO produced during the TPO experiment was used 
to calculate the amount of carbonaceous deposits on the catalysts. These ranged from 
2 to 3 wt% for the noble metal catalysts and was 5 wt% for the commercial sulphided 
CoMo/Al2O3 catalyst. The highest deposition was measured for plain ZrO2 support 
(7 wt%). Clearly the slightly acidic nature of the ZrO2 support catalyses carbonaceous 
deposits formation reactions. An alternative explanation is based on the observation 
that ZrO 2 is not very active in the hydrotreatment reaction (as seen from the low H2 
uptake in Table 3) and that the dominant pathway is repolymerisation and subsequent 
charring (see Scheme 1) leading to high-molecular weight products and high amounts 
of char (Table 4).
The effect of the hydrotreatment time on the carbonaceous deposits for the 
Rh-based catalyst was also studied and the results are presented in Table 8 (only 
information for Rh/ZrO2 tested for 1 and 4 h). The carbonaceous deposit on the Rh-
catalyst after 1 h oxidises at slightly lower temperatures than the deposit formed after 4 
h reaction. Similar amounts of carbonaceous deposits were formed after 1 h (2.6 wt%) 
and 4 h (2.7 wt%). Our hypothesis is that most of the carbonaceous deposit is formed 
during the heating phase, which also explains the high repolymerisation and the char 
formation after 1 h reaction time. After the reactor reaches 350 oC, the gasification rate 
is high enough to balance out the formation of the carbonaceous deposits.














Raman spectra for the support, the fresh and used catalysts after the TPO 
measurements were determined. The differences between the mono- and the bimetallic 
catalysts are negligible and therefore only the results for the monometallic Rh/ZrO2 
catalysts are discussed. The Raman spectra of the fresh support material and fresh 
catalyst are similar. This can be explained by the low metal loading of the noble metals 
(< 0.5 wt%). After an hydrotreatment reaction using PO for 4 h, the typical peaks of 
the support are no longer visible and two new broad peaks, one at approximately 1350 
cm-1 and the other at 1580 cm-1 are detected. According to Guisnet, et al [40] and 
Shamsi, et al [41], these peaks correspond to polycrystalline and imperfect carbon 
and graphitic carbon, respectively. A Raman spectrum after the TPO measurement 
shows again the peaks of the support and the two carbon peaks are no longer present. 
Thus the carbonaceous deposits formed during the hydrotreatment are oxidised to a 
considerable extent. The Raman measurements do not give information about possible 
metal sintering or reduction of the surface area of the catalyst. 
N2 physisorption experiments were performed for the catalysts after the TPO 
determination. Performing these measurements after the hydrotreatment of PO was 
not considered appropriate as the catalysts are covered with carbonaceous material as 
demonstrated by Raman spectra. The BET surface area of the catalysts after TPO was 
similar to the one for the fresh catalyst. Therefore it can be concluded that sintering of 
the support material during the hydrotreatment reactions does not occur. 
The spent Rh/ZrO2 catalysts after 1, 2, 4, and 6 h reaction time were also analysed 
by Raman spectroscopy. Independent of the reaction time, two carbon peaks at 1350 
and 1580 cm-1 were observed. There appears to be an increase in the amount of graphite 
in single crystal form as a function of the reaction time. After 1 h the ratio between 
graphite in single crystals and polycrystalline and imperfect graphite is approximately 
0.4, whereas it increases to approximately 0.5 after 4 h. 
The ICP-OES analysis of the aqueous product from the hydrotreatment reaction 
with sulphided CoMo/Al2O3 showed that 0.29 wt% of Co (5 ppm) and 0.16 wt% of Al 
(34 ppm) leached to the water phase (no detectable Mo in the aqueous phase), indicating 
that the sulphided catalyst tends to dissolve partly in the reaction medium. Al2O3 has 
been reported to be unstable in acidic aqueous condition. Aqueous phases from reactions 
catalysed by noble metal contained no detectable amounts of the metals, indicating that 
leaching levels with these catalysts at the prevailing reaction conditions is low.
Table 8 Total CO2 and T (°C) for spent Rh/ZrO2 catalysts after hydrotreatment of pyrolysis oil at 
350 oC and 200 bar total pressure for 1 and 4 h














Carbonaceous deposits  
(wt%)
1 297 342 2.6













ICP-OES was also performed on the sulphided and spent CoMo/Al2O3 catalyst. A 
reduction of the S content from 5 to 2 wt % was found, indicating that S is leached from 
the catalyst. This is an indication that the S-content in the feed pyrolysis oil (100 ppm) 
is not sufficient to maintain a high level of S on the catalyst. Further studies, beyond the 
scope of this paper in dedicated continuous units are required to determine whether the 
100 ppm S level in the feed is sufficient to maintain steady activity over a long run time. 
4 CONCLUSIONS 
Mono- and bimetallic catalysts based on the noble metals Pt, Rh, and Pd (< 0.5 wt% 
metal loading) on zirconia have been tested for the hydrotreatment of PO. Yields of the 
product oils were between 37 and 47 wt% based on the feed, the remainder being an 
aqueous phase (30-42 wt% based on feed), a gas phase (6-10 wt% on feed) and some 
char (2-7 wt% on feed). Hydrogen consumption ranged between 80 and 100 NL/kg 
feed. The most active noble metal catalyst was Pd/ZrO2 whereas Pt/ZrO2 was the least 
active, presumably due to an incomplete reduction of Pt. The catalysts are more active 
than the benchmark CoMo on alumina catalyst when compared on an active metal 
basis, though a factor of two lower when comparing on a total catalyst intake due to 
the low metal loadings (<0.5 wt%) of the noble metal catalysts. However, despite being 
more expensive than the benchmark, the noble metal catalysts on zirconia carriers 
are of interest for pyrolysis oil upgrading as the catalysts do not require sulphur to 
remain active. Experiments with the most active metals in this series (monometallic 
Rh and Pd based catalysts on zirconia) with a higher metal loading (e.g. 5 wt%) are in 
progress and will be reported in due course. Based on available data for these metals 
on carbon carriers at 5wt% loading, these are expected to be far more active than the 
CoMo catalyst. [18, 28] 
Relevant properties of the product oils were determined. The H/C ratio for 
the products obtained using the mono- and bimetallic catalysts (0.99-1.09) was 
considerably higher than for the blank reaction and a reaction with ZrO2 only, 
indicative for hydrogenation activity. The oxygen contents varied between 7-11 wt%, 
compared to 40.1 wt% for the feed. The TG residue, a measure for coking, was between 
13 and 23 wt% and much lower than for the blank reaction (45 wt%). The TG residue 
was shown to be related with the average molecular weight of the product oil, with 
lower molecular weights leading to lower TG residues. Insights in the major reaction 
pathways occurring during the hydrotreatment reaction were obtained by performing 
experiments with Rh/ZrO2 at various reaction times (1 – 6 h) and indicate the 
occurrence of two parallel pathways, viz. an undesired (non-catalytic) repolymerisation 
pathway and a hydrogenation pathway. Spent catalysts analyses show the presence of 
carbonaceous deposits (2-6 wt%) on the mono- and bimetallic noble metal catalysts. 
However, the carbonaceous deposits can be removed quantitatively by oxidation at 
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Fast pyrolysis oil from lignocellulosic biomass is an attractive energy carrier. However, 
to improve the product characteristics such as a polarity and thermal stability, upgrading 
is preferred. We here report activities on the catalytic hydrotreatment of fast pyrolysis 
oil using bimetallic NiCu/δ-Al2O3 catalysts with various Ni/Cu ratios (0.32 to 8.1 w/w) 
at a fixed total metal intake of about 20 wt% with the objective to improve product 
properties for co-feeding applications in conventional oil refineries. Hydrotreatment 
reactions were initially carried out for a model compound (anisole, continuous set-up, 
300 oC, 10 bar H2) and subsequently for fast pyrolysis oil (batch autoclave, 1 h at 150 oC 
followed by 3 h at 350 oC, at 100 bar initial pressure). Best results, i.e. the highest 
hydrodeoxygenation yield for experiments with anisole (75 mol%), and an product oil 
with the most favorable properties for fast pyrolysis oil (high H/C ratio, low Mw of 500 
g/mol, low thermogravimetric residue of 6.8 wt%), were obtained for a catalyst with a 
Ni to Cu wt% ratio of eight (16Ni2Cu). For this catalyst, hydrogen consumption was the 
highest (146 NL/kgPO). The findings were rationalised using a reaction network model 
earlier developed for Ru/C. Analysis of catalyst (ICP, HRTEM, XRD and TGA) before 
and after reaction showed the occurrence of leaching of both active metals (Ni and Cu) 
and support, as well as coke deposition on the support. The most active catalyst in the 
series (16Ni2Cu) also gave lowest leaching and coking levels in the series. 
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Fast pyrolysis is considered an attractive thermo-chemical technology to convert a solid 
biomass to a liquid energy carrier. The product, referred to as “fast pyrolysis oil” or “bio-oil”, 
however, has a limited number of applications yet, such as the use as a boiler feed, co-feed in 
power plants [1]. An interesting outlet for fast pyrolysis oil is the use as a co-feed in existing 
refinery units. This enables partial substitution of the fossil carbon in liquid transportation 
fuels by renewable carbon from biomass in existing infrastructure [2]. Unfortunately, fast 
pyrolysis oil cannot be used for co-feeding purposes. It is immiscible with typical petroleum 
feeds (such as vacuum gas oil) due to the presence of polar components, but moreover, it is 
highly acidic due to the presence of organic acids (up to 10 wt%) [3], leading to corrosion 
issues and possibly detrimental effects on the zeolitic catalysts in the FCC process [4], and 
has a strong tendency for coking at elevated temperatures. 
Catalytic hydrotreatment is considered a versatile upgrading technology to improve 
the product properties of fast pyrolysis oil and to make it suitable for co-refining. In this 
approach, fast pyrolysis oil is reacted with hydrogen in the presence of a heterogeneous 
catalyst. Catalytic hydrotreatment is also commonly known as “hydrodeoxygenation” 
(HDO), though recent findings indicate that many other types of reactions occur, e.g. 
hydrogenation, hydrogenolysis and (hydro)-cracking. Typically, elevated temperatures 
and pressures (175 – 400 oC, 100 – 300 bar) are required. Catalytic hydrotreatment has 
been researched extensively [5] with crude pyrolysis oil [6, 7] or model compounds 
[8-14] as the feedstock. 
Commonly applied catalysts for the hydrotreatment of pyrolysis oil are typical 
hydrodesulphurisation catalysts such as (sulphided) NiMo/Al2O3, CoMo/Al2O3, and 
NiMo/Al2O3-SiO2 [15, 16]. To cope with the harsh conditions, carbon-supported 
CoMo [15], Mo supported on TiO2, ZrO2 and TiO2–ZrO2 mixed oxides [8, 12, 16] 
have been tested as well. The latter catalysts all require sulphur in the feed to maintain 
activity. Pyrolysis oils contain only limited amounts of sulphur [17, 18] and sulphur 
addition would be required during processing to maintain catalytic activity, which is 
not preferred from an environmental point of view. 
Non-sulphided, non-noble metal catalysts have been tested for fast pyrolysis 
oil (model components) as well. Examples are non-sulphided Ni/SiO2 catalyst for 
hydrodeoxygenation of phenol [17] and ZSM-5 catalyst for anisole [18, 19]. Noble metal 
based catalysts have also been explored. Examples are Pd on zeolites, [19, 20], Pd on 
CeO2 and ZrO2 [13], Pd/C and Pt/C [20, 21], and Rh on zirconia [22]. Hydrotreatment 
of pyrolysis oil over Ru/C, yields product oils with a range of oxygen contents [2, 20, 
23-25], the lowest values are around 5 wt%. Unfortunately, noble metal catalysts are 
very expensive and this may limit their application potential. 
Most studies aim at the upgrading of fast pyrolysis oil to a liquid transportation 
fuel with properties mimicking that of typical hydrocarbon fuels (low oxygen content, 
H/C ratio between 1.8 - 2), and not for co-feeding purposes. Recently, investigations 
have been reported on the co-processing of hydrotreated pyrolysis oils obtained with a 



















The hydrotreated products were successfully dissolved and processed in Long Residue 
(20 wt% product oil). The yields of FCC gasoline (44–46 wt%) and Light Cycle Oil 
(23–25 wt%) were close to those obtained with base feed (100 wt% Long Residue), and 
an excessive increase of undesired coke and dry gas was not observed. Experiments with 
undiluted product oils were less successful and dry gas and coke yield were significantly 
higher than in case of co-feeding. This clearly demonstrates that co-processing is 
necessary to obtain good product yields. This study also shows that, in contrast to initial 
thoughts, it is likely not necessary to aim for an product oil with an oxygen content 
lower than 1 wt%. Improved thermal stability of the product oil to avoid charring during 
thermal processing and a low acidity to avoid corrosion are likely much more important.
In this study we report the use of bimetallic NiCu catalysts for the catalytic 
hydrotreatment of pyrolysis oil. Ni is a cheap metal compared to noble metals and is 
known for its high hydrogenation activity for a broad range of organic groups [26, 27]. 
Cu is applied as a promoter, primarily to reduce the reduction temperature of Ni [28], 
and to prevent excessive carbon deposition on Ni [29]. δ-Al2O3 was used as the support 
as it is considered thermally more stable and less acidic than γ-Al2O3, the latter relevant 
in limiting coke formation [30, 31]. Initial screening studies on the NiCu showed its 
potential for ethane hydrogenolysis [26] and vegetable oil hydrodeoxygenation [32]. 
To the best of our knowledge, the use of NiCu catalysts for pyrolysis oil upgrading has 
not been investigated before. The effect of Ni to Cu ratio on catalyst performance was 
explored in detail, for a model component (anisole) and for typical fast pyrolysis oils. 
For comparison, experiments with a commercial Ru/C was used as a benchmark, and 
product properties of the product oil with the NiCu catalysts are compared with those 
obtained using Ru/C. Catalysts were characterised before and after reaction to determine 
changes in morphology during reaction and to gain insights in catalyst stability.
2 EXPERIMENTAL SECTION
2.1 Materials
Anisole (99%, ACROS Organics, Geel, Belgium) was used as received. Fast pyrolysis 
oil (pine wood) was provided by VTT (Espoo, Finland). Relevant properties of the fast 
pyrolysis oil are given in Table 1. Ru/C (5 wt% of ruthenium, SBET of 717 m2/g, surface 
weighted Ru mean diameter (D[3,2]) of 6.8 μm) was obtained from Sigma-Aldrich. 
Hydrogen (> 99.99 % purity) was purchased from Linde. Spherical δ-Al2O3 particles 
with a diameter of 1.5 mm were obtained from Sasol (Hamburg, Germany).
2.2 Catalysts preparation
The δ-Al2O3 support was calcined in air at 1000 oC before impregnation. The BET surface 
area was about 110 m2/g after calcination. The metals were loaded by wet impregnation 
of the support with aqueous solutions of the metals salts (Ni(NO3)2 and Cu(NO3)2. After 
impregnation, the catalysts were dried at 100 oC for 12 h and subsequently crushed and 
sieved. The fraction of 0.25 to 0.5 mm was used for the reactions. Before reaction, the 





















Temperature programmed reduction (TPR). Catalyst samples (0.05 g) were placed in a 
quartz reactor (U-tube) and treated in a reducing atmosphere (10 mol% H2, 90 mol% 
Ar at a flow rate of 20 ml/min, 1 atm) with a constant heating rate of about 8 oC / min 
until 800 oC. The hydrogen concentration in the outlet stream during reduction was 
measured by a thermal conductivity detector (TCD). 
X-ray diffraction. XRD analyses were performed on a D500 Siemens (Germany) 
X-ray diffractometer using CuK
α
 radiation. Diffraction patterns were recorded by 
scanning with 0.05о increments at an angle range from 30 to 80о using an accumulation 
period of 5 s per measurement. High temperature in situ XRD experiments were 
performed in a reactor chamber developed at the Boreskov Institute of Catalysis [33]. 
The hydrogen flow was set at 600 cm3/min and a heating rate of 25 oC/min was applied. 
The pressure was atmospheric. The samples were heated in the hydrogen atmosphere 
to 300oC. XRD patterns were recorded by scanning 2θ angles from 30o to 55o at 300 oC 
until the sample achieved quasi equilibrium as evident from the absence of noticeable 
changes in the diffraction patterns. Then the samples were cooled under a hydrogen 
atmosphere and the XRD patterns were recorded. The average sizes of the metal 
crystallites were calculated using the Scherrer equation [34]. For the Nix-Cu1-x metal 
clusters, the composition of the clusters is calculated based on a known correlation 
between the NiCu lattice parameter and the composition, as reported previously by 
Sinfelt et al [26]. The lattice parameters were determined experimentally (vide infra).
High Resolution Transmission Electron Microscopy (HRTEM). HRTEM investigations 
were carried out on a JEM-4000EX transmission electron microscope at 200 kV 
accelerating voltage.
2.4 Catalytic hydrotreatment experiments using anisole
Catalytic hydrotreatment reactions of anisole were carried out in a continuous fixed 
bed reactor (internal diameter 5 mm) made of stainless steel at isothermal conditions 
(300 oC) and a total pressure of 10 bar. The reactor was packed with 0.5 ml of catalyst 







































diluted with 1 ml of quartz sand (0.25-0.5 mm fraction). Prior to reaction, the catalyst 
was reduced in-situ by flowing H2 at a temperature of 300 oC, and 10 bar of H2 pressure. 
After the reduction step, the reaction was started by feeding hydrogen and argon to the 
reactor at rates of 10 L/h each. Anisole was fed to the reactor with a WHSV in the range 
of 3– 6 kgliquid/(kgcat.h). For a proper comparison of catalysts activities, feed rates of the 
reactants were selected in such a way that anisole conversions were less than quantitative. 
Liquid products (organics and water) were collected in a trap cooled with ice. 
2.4.1.Analysis of reaction products from the hydrotreatment of anisole
GC-FID. GC-FID was applied to analyse the organic phase of the liquid product. 
The analysis was carried out using a Hromos GH-1000 equipped with a split injector 
(300 oC), a FID detector (300 oC) and a capillary column (Zebron ZB-1, stationary 
phase 100% dimethylpolysiloxane, 0.32 mm × 0.25 μm × 30 m).
GC-TCD. GC-TCD was used to analyse the gas phase products. The analysis was 
carried out using a Hromos GH-1000 equipped with a packed column (stationary 
phases consisting of Silohrom and activated carbon).
2.4.2  Catalyst performance measures for hydrotreatment experiments using 
anisole
The conversion of anisole is defined as:
(1)
where  and  are inlet and outlet concentrations of anisole, respectively. The extent 
of deoxygenation is defined as:
(2)
where  is the concentration of an oxygen-free product i, and  the concentration of 
product i. The selectivity for product j is defined as: 
(3)





















Finally, the specific catalytic activity is defined as the rate of formation of oxygen-free 
products (mol·h-1) divided by the total amount active metals (Ni and Cu, g) in the 
catalyst sample. 
2.5 Catalytic hydrotreatment reactions with fast pyrolysis oil
The hydrotreatment reactions with fast pyrolysis oil were performed in a 100 ml Parr 
reactor equipped with an overhead stirrer. The reactor was filled with 1.25 g of catalyst, 
which was pre-reduced at 10 bar of H2 at 350 oC for 1 h. After reduction, the reactor 
was cooled to room temperature and 25 g of fast pyrolysis oil was injected. The reactor 
was then flushed with H2, and subsequently pressurised with additional H2 up to 100 
bar (120 bar for Ru/C). The reactor was operated for one hour at 150oC, while being 
stirred at 1300 rpm, and subsequently the temperature was increased to 350 oC. The 
reactor was operated at 350 oC for another 3 h, where after the reactor was cooled to 
room temperature. This ‘2-stage’ heating profile was performed to reduce the tendency 
for coke formation [5]. The results were compared with data obtained for Ru/C, an 
extensively studied catalyst for pyrolysis oil upgrading [2, 20, 25]. After reaction, the 
reactor was cooled to room temperature. A sample from the gas phase phase was taken 
and analysed with GC-TCD. The reactor was opened, and the contents was collected, 
centrifuged to separate the aqueous phase, organic phase, and solids (including the 
spent catalyst). The weight of each phase was determined for mass balance calculations. 
The organic phase was analysed using various techniques (Section 2.4.1). The solid was 
thoroughly washed with acetone, dried, and characterised. 
2.5.1  Analysis of the reaction products from the catalytic hydrotreatment of 
pyrolysis oil
GC-TCD. The gas phase from each experiment was analyzed using GC-TCD. A HP5890 
Series II GC equipped with a CP Porabond Q (50 m x 0.5 mm, film thickness 10 μm) 
and a CP-Molsieve 5A (25 m x 0.53 mm, film thickness 50 μm) column was used for 
this purpose. The injector temperature was set at 150 °C and the detector temperature 
at 90 °C. The oven temperature was kept at 40 °C for 2 min, then increased to 90 at 
20 °C/min, and kept at this temperature for 2 min. Helium was used as the carrier gas.
Elemental Analysis. The liquid organic phase was analyzed by elemental analysis 
using a EuroVector EA3400 Series CHNS-O with acetanilide as the reference. The 
composition of oxygen was determined by difference. All analyses were carried out at 
least in duplicate and the average values are provided.
Water content. The water content of the liquid organic phases was determined by 
volumetric a Karl-Fischer using a Metrohm 702 SM Titrino. About 0.01 g of sample 
was introduced to an isolated glass chamber containing Hydranal Solvent (Riedel de 



















Thermogravimetric analysis (TGA). TGA data of the liquid organic phases were 
determined using a TGA 7 from Perkin-Elmer. The samples were heated in a nitrogen 
atmosphere with a heating rate of 10 oC/min and a temperature range between 20 – 900 oC. 
Gel permeation chromatography. GPC analyses of the organic liquid phases were 
performed using an Agilent HPLC 1100 system equipped with a refractive index 
detector. Three columns in series of mixed type E (length 300 mm, i.d. 7.5 mm) were 
used. Polystyrene was used as a calibration standard. The organic phases were dissolved 
in THF (10 mg/mL) and filtered (pore size 0.2 μm) before injection. 
GC-MS/FID. GC-MS/FID measurements on fast pyrolysis oil and the product oils 
were performed at the von-Thunen Institute (Hamburg, Germany). All GC analyses 
were carried out on an Agilent 6890 systems coupled with parallel FI and MS detectors. 
Electron impact mass spectra were obtained using a 70 eV ionisation energy. The GC 
split was 1:15, the injector temperature was 250 °C, and an injection volume of 1 μl was 
applied. The temperature program for the oven was as follows: 45 °C for 4 min, heating 
with 3 °C/min to 280 °C followed by 20 min at 280 °C. Helium was used as the carrier 
gas with a constant flow rate of 2 ml/min. 
Solubility test. Solubility tests were performed by mixing 1 g of pyrolysis oil 
or product oil with 2 g of a mixture of n-hexane and benzene (1 to 1 wt ratio) in 
a 10 ml test tube. The mixture was then stirred in an ultrasonic bath for 5 minutes, 
subsequently heated to 40 oC for 30 minutes, and allowed to phase separate overnight 
at room temperature. Both layers were weighted. The top phase was shown to be rich in 
n-hexane and benzene. The solubility of the product oil in the hexane-benzene mixture 
was estimated using the following equation:
(5)
Where  is the mass of the hexane-benzene rich layer after equilibration 
and phase separation and  the intake of the hexane-benzene mixture.
Capillary Electrophoresis. A capillary electrophoresis (CE) system from Agilent 
Technologies was used to determine the amount of organic acids in the product oil. The 
CE apparatus was equipped with a standard fused capillary (75 μm i.d., 72 cm active 
length, and 80.5 cm total length) and a diode array detector (DAD). The CE was operated 
at 20 oC and a voltage of -25 kV. Electropherograms were recorded at 350 nm with a 
reference at 200 nm. A buffer solution (pH = 4.6, Agilent Technologies) containing 5 mM 
cetyltrimethyl-ammonium bromide (CTAB) was used. The capillary was preconditioned 
prior to each measurement by flushing the buffer solution for 4 min at 1 bar.
ICP-OES (Inductively Coupled Plasma – Optical Emission Spectrometry). The metal 
content in the aqueous phase after reaction was determined using ICP using an Optima 




















2.5.2  Catalyst performance indicators for hydrotreatment experiments with 
fast pyrolysis oil 
The H2 consumption for each experiment was determined to calculate the catalyst 
activity. It is based on pressure and temperature recordings and composition data 
before and after the reaction. Details about the calculation procedure are given in 
Chapter 3, section 2.8. The activity of the catalyst is calculated from the H2 uptake, 
catalyst intake, and reaction time (Eq. 6) and expressed as NLhydrogen/(kgPO.gactive metal). For 
the bimetallic complexes, the activity is based on the sum of the amount of the active 
metals (Ni and Cu) in the catalyst formulation.
(6)
3 RESULTS AND DISCUSSION





The catalysts were prepared by wet impregnation of the metals on a δ-Al2O3 support. 
An overview of the catalyst formulations used in this study is given in Table 2. The total 
loading of active metals (Ni and Cu, around 20 wt%) is about similar, though the Ni 
to Cu weight ratios varies considerably. For comparison, two monometallic catalysts 
(Ni/δ-Al2O3 and Cu/δ-Al2O3) were prepared and tested as well. These may be regarded 
as extremes with respect to metal composition.
The reduction temperature of the supported catalysts was determined with TPR, 
and the results are given in Fig. 1. For the monometallic Cu catalyst (24.5Cu), a single 
reduction temperature at 288 oC was observed. For monometallic Ni (20.8Ni) three peaks 
at about 250, 410, and 540 oC were present, representing Ni (III) oxide reduction [35, 36], 
reduction of Ni(II) to Ni(0) species and reduction of surface NiAl2O4 species, respectively. 
Table 2 Overview of the catalysts used in this studya 
Catalyst
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Figure 1 H2-TPR curves of monometallic Cu and Ni catalysts and bimetallic NiCu catalysts.
The TPR curves of the mono- and bimetallic catalysts differ considerably and the 
bimetallic catalysts are more readily reduced than monometallic Ni. For instance, 
the high temperature peak in the TPR for monometallic Ni (reduction of NiAl2O4) is 
observed at a higher temperature than for bimetallic catalysts. The position of this peak 
for the latter catalysts depends on the copper content, with higher Cu contents leading 
to a lower reduction temperature, (c.f. 510 oC for16Ni2Cu and 490 oC for 13.3Ni11.8Cu). 
TPR spectra of the bimetallic catalysts also show sharp peaks at temperatures below 
320 oC. This indicates that promotion of Ni catalysts with Cu leads to a considerable 
reduction of the temperature for the transition of Ni(II) to metallic Ni(0). 
XRD was applied to observe the change of oxidation states during reduction, to 
measure the lattice parameter of δ-Al2O3 (Fig. 3), and to investigate the metal phase 
composition (Table 6). To gain insights in the changes in oxidation states during 
reduction, characterisation by in situ high temperature XRD (300 °C, 10 bar hydrogen) 
was performed, and the results were compared with freshly prepared catalysts (Fig. 2) and 
the δ-Al2O3 support. For the Ni-only catalyst (20.8Ni), the XRD patterns before and after 
reduction at 300 oC were similar. This indicates that considerable reduction does not occur 
at 300 oC, which in agreement with the TPR data (Fig. 1). The XRD pattern of the 24.5Cu 
after reduction differs from the original sample and only peaks for Cu(0) are present. This is 
indicative for complete reduction below 300 oC, this is in line with the TPR data. 
For bimetallic catalysts, the extent of reduction is a function of the Ni to Cu ratio 
in the samples. For the lowest ratio (16Ni2Cu), several Ni(0) peaks appeared after 




















Figure 2 XRD patterns of Ni/δ-Al2O3, Cu/δ-Al2O3 and the bimetallic NiCu/δ-Al2O3 catalysts, o: Cu(0); 
x : CuO; * : Ni; + : NiO, after preparation and after reduction at 300 oC. 
are still present in the reduced samples, indicating that reduction of 16Ni2Cu is not 
complete at 300 oC (see Fig. 2). For catalysts with higher Cu contents (13.8Ni6.83Cu), 
also the Cu(0) peaks appeared. For samples with even higher Cu levels (13.3Ni11.8Cu 
and 5.92Ni18.2Cu), Ni(II) peaks are absent after reduction, indicating that both Ni and 
Cu were reduced to a considerable extent.
The δ-Al2O3 support was calcined in air at 1000 °C before impregnation. This 
treatment may lead to a phase transition to α- Al2O3. The absence of clear peak at 2θ 
values around 22°, characteristic for the (012) plane of α-Al2O3 indicates that phase 
transition did not occur during calcination [37]. 
The lattice parameter of the δ-Al2O3 support for the different catalysts is shown 
in Fig. 3. It is a function of the Ni content and increases at higher contents. This can 
be explained by the higher diffusion rates of Ni in the alumina support, and possibly 
also the formation of higher amounts of Ni spinels (NiAl2O4) at higher Ni intakes. 



















effects on catalyst activity. It leads to stronger interactions of the active component 
with the support, which is expected to keep the active component in a dispersed state 
and as such reduce the tendency for agglomeration. On the other hand, Ni spinels are 
more difficult to reduce than other Ni species and therefore reduce the formation rate 
of active Ni(0) [26, 38]. The addition of copper to Ni/Al2O3 has previously reported to 
prevent the formation or growth of NiAl2O4 spinels. 
Figure 3 Lattice parameter of δ-Al2O3 vs. Ni content in the catalyst






Anisole was selected as a model component as phenolic compounds are known to 
be among the most persistent compounds in catalytic hydrotreatment reactions of 
fast pyrolysis oil [17]. Thus, catalysts with good performance for anisole are likely 
also good candidates for further testing with actual fast pyrolysis oil [32, 39]. The 
reactions were carried out in a packed bed reactor operated in a continuous mode 
at a temperature of 300oC in combination with WHSV values between 3 and 6 h-1. 
For comparison, quartz and δ-Al2O3 were tested as well. The experimental results are 
summarized in Table 3 and Table 4.
Mono- and bimetallic catalysts are both active in anisole deoxygenation, with 
conversions between 66.1 and 95.3 %mol. Quartz and the alumina support alone 
showed limited activity. Anisole conversion for the bimetallic catalysts is within a 
narrow range of 70 to 80 % mol, and a trend as a function of the NiCu ratio is not clear. 
The 16Ni2Cu is the most active in the series. The conversion for the monometallic Ni 
on δ-Al2O3 catalyst is considerably lower (66.1 % mol) than for bimetallic ones, which 
indicates a positive effect of Cu addition. The higher activity of the NiCu catalysts 
compared to monometallic Ni may be attributed to reduced Ni spinel formation by 




















Table 3 Overview of results for the hydrotreatment of anisole at 300 oC with NiCu/δ-Al2O3 
catalysts

















 11.8 0 0 –
20.8Ni 66.1 97.8 64.6 5.0
16Ni2Cu 78.6 95.9 75.4 7.3
13.8Ni6.83Cu 73.8 90.6 66.9 6.4
13.3Ni11.8Cu 70.3 82.8 58.2 6.1
5.92Ni18.2Cu 76.9 72.8 56.0 6.9
24.5Cu 95.3 1.0 1.0 0.2















Cyclohexane 0 0 0 29.2 27.7 32.8 24.3 14.9
Benzene 0 0 0 28.6 42.2 43.5 59.9 72.5
Methylcyclohexane 0 0 1,0 7.8 5.3 5.5 8.8 2.4
Toluene 0 0 0 7.1 7.5 8.8 2.9 8.1
Cyclohexanol 0 0 0 0 2.3 5.9 2.3 0
Cyclohexanone 0 0 0 2.7 0 0 1.8 0
Phenol 100 100 99 22.6 13.3 1.2 0 2.2
other products 0 0 0 1.9 1.6 2.3 0 0
bimetallic NiCu catalyst (Fig. 3), indicating that less Ni is incorporated in the δ-Al2O3 
structure and converted to inactive spinels when compared to monometallic Ni.
A number of compounds are formed upon the catalytic hydrotreatment reactions 
(Table 4). Typical oxygen free HDO products are benzene and toluene, and consecutive 
hydrogenation products thereof such as cyclohexane and methylcyclohexane. In 
addition, oxygenates as phenol, cyclohexanol and cyclohexanone are also present. 
These product compositions are in line with a reaction network proposed for the 
catalytic hydrotreatment of anisole using CoMo/γ-Al2O3 catalyst [39].
The selectivity of the reaction is a strong function of the type of catalysts. For Cu 
only, though very active (95.3 % mol conversion), the degree of deoxygenation is very 
low (1%) and the main products are phenol and methylphenols. Some methane is 
formed as well (around 2% of the feed). Reaction with the monometallic Ni catalyst 
gives the highest HDO selectivity (97.8%), but a low conversion of anisole (66% mol). 



















For bimetallic catalysts, the HDO selectivity is between 70 and 96 %, the main 
products are benzene and cyclohexane. The HDO selectivity is a function of the Ni 
content, with a higher Ni content (and a concomitant lowering of the Cu content) 
showing higher HDO selectivities. In addition, the aliphatic/aromatic hydrocarbon 
product ratio is a strong function of catalyst composition (Fig. 4). The aliphatic content 
is higher for the bimetals than for the monometallic Ni, indicating that NiCu catalysts 
are more active for the hydrogenation of the aromatic rings than the monometallic 
ones. This effect may be associated with the amount of active Ni1-xCux metal clusters, as 
such clusters are known to be more active for the hydrogenation of aromatics than the 
individual monometallic catalysts. 
Figure 4 Aliphatic and aromatic hydrocarbon product ratio versus catalyst composition, as obtained 
from the hydrotreatment of anisole at 300 oC






The catalytic hydrotreatment of fast pyrolysis oil with the bimetallic NiCu on δ-Al2O3 
catalysts was performed in a batch autoclave at an initial pressure of 100 bar H2 (at RT) 
using a standardised temperature profile (150 oC for 1 h, followed by 350 oC for 3 h). 
This 2-stage heating profile was shown to reduce coke formation [5]. The results were 
compared with data obtained for Ru/C, the latter has been studied extensively for fast 
pyrolysis oil upgrading [2, 20, 23-25, 40]. 
3.3.1. Product formation and mass balances
The amounts of the various product phases after the reaction are provided in Table 5. 




















phase consisting of the product oil and a slightly yellowish aqueous top phase. When 
using the benchmark Ru/C catalyst, the organic product oil was always floating on top of 
the aqueous phase [20, 24]. Mass balance closure for the experiments ranged between 76 
– 95 wt%, see Table 5 for details. The lower values for some of the experiments are related 
to the high viscosity of the product oils, which tend to stick to the lines, reactor walls and 
inserts and are very difficult to collect. To test the reproducibility, two experiments were 
carried out using the 16Ni2Cu catalyst at standard conditions. The hydrogen uptakes 
were 136 and 146 NL/kg PO (7% difference) for both experiments, whereas the H/C 
ratio of the organic phase was 1.36 and 1.41 (4% difference). The oil yields were 41 and 
38 wt% for both experiments. These reproducibility data are in line with earlier detailed 
experimental studies carried out in our group in the current batch set-up for Ru/C 
catalysts [20, 23, 24], also an indication that reproducibility is satisfactory. 
The yield of the product oil obtained over NiCu catalysts was typically between 35 to 
42 wt%. Hydrotreatment reactions with the reference Ru/C catalyst gave a yield of 37.2 
wt%, which is in the range for the NiCu catalysts. Of the carbon present in the fast pyrolysis 
oil feed, most ends up in the product oil (64 – 75 wt%), whereas by far lower amounts are 
present in the aqueous (5 – 9 wt%), gas (3 – 8 wt%) and solid (char) phase (0.2 – 6 wt%).
The gas composition after reaction and the total amount of gas phase components 
formed during the reaction are summarised in Fig. 5. The product gas mainly consists 
of CO2 (0.6 – 1.6 mol/kgPO), while some CH4, CO, and smaller hydrocarbons (C2 – C3) 
are present as well. The amount of product gases seems to increase slightly along the 
increase of catalyst Cu content. In comparison, Ru/C gave the highest amount of gases 
(10.7 wt%). Particularly the amount of CH4 (1.1 mol/kgPO) is ten times more than for 
the NiCu catalysts (0.05 – 0.1 mmol/g feed), and it appears that the NiCu catalysts are 
by far less active in methanation reactions than Ru/C, which is positive regarding the 
(economic) incentive to reduce the hydrogen usage for the hydrotreatment process.
Table 5 Hydrogen consumption and mass balance of catalytic hydrotreatment of fast pyrolysis oila 













) 58 146 138 122 100 64 272
Yields (wet basis)
Product oil, wt% of feed 36.8 40.8 42.2 40.3 35.0 36.8 37.2
Aqueous phase, wt% of feed 32.1 42.7 41.8 30.6 25.8 33.1 43.7
Char (acetone insoluble), wt% of feed 1.3 0.6 2.2 3.2 3.9 2.0 1.13
Coke deposited on the catalyst, wt% of feedc 1.0 0.4 0.9 0.7 0.7 0.7 n.d.d
Gas, wt% of feed 5.1 7.2 7.5 7.8 11.5 10.7 11.2
Mass balance closure, wt% 76 84 95 83 77 83 93
Oxygen content of product oil (wt%, dry) 12.2 17.1 16.5 16.1 12.6 10.4 12.0
Water content of product oil (wt%) 7.2 4.1 4.4 4.7 7.1 9.6 2.0
a150 oC (1 h) and 350 oC (3 h), with initial H
2
 pressure of 100 bar at RT. bInitial pressure of 120 bar at RT. 



















The amount of char formed during the reaction was between 0.6 and 3.9 wt% 
for the bimetallic catalysts. A clear trend between the amount of char and catalyst 
composition is absent. 
The activity of the catalysts, as calculated from the H2 uptake, is given in Fig. 6. This 
Fig. shows that the 16Ni2Cu catalyst is the most active in the series. Thus, activity is the 
highest for the catalyst with the highest Ni content (Fig. 6). The bimetallic catalysts are 
more active than the monometallic ones, an indication for a synergic effect between Ni 
and Cu. The uptake for the Ru/C catalyst, on the other hand, was considerably higher 
than for the NiCu catalysts (272 NL/kgPO). 
Figure 6 Catalyst activity based on the H2 uptake. Conditions: 150 oC (1 h) and 350 oC (3 h), with 
initial pressure of 100 bar H2 at RT. 
Figure 5 Gas production and composition for the hydrotreatment of pyrolysis oil with NiCu based 
catalysts and a commercial Ru/C catalyst at 150 oC (1 h) and 350 oC (3 h), with initial pressure of 100 




















The higher activity of the bimetallic catalysts compared to the monometallic catalysts is 
in agreement with the result for the HDO of anisole (Table 3), and it is partially attributed 
to the higher reducibility of the bimetallic catalysts as shown by the TPR (Fig. 1). Moreover, 
XRD also indicates the formation of various NixCu1-x  clusters after reaction (Table 6). This 
has been observed before by Rogatis et al. [41], although separate Ni and Cu particles were 
not reported, probably due to the low total loading of Ni and Cu. The NixCu1-x  clusters are 
most likely the actual active phase for the catalytic hydrotreatment reaction. Unfortunately, 
clear relations between the XRD data and the activity of the various catalysts are absent. 
However, as will be demonstrated later, the best catalyst in the series (16Ni2Cu) also shows 
the lowest level of leaching and coke deposition and, besides differences in amount and size 
of the active NixCu1-x clusters, these factors likely also affect catalyst activity.  
Table 6 Phase composition of the fresh (before reduction) and spent catalysts (after hydrotreatment of 
pyrolysis oil at 150 oC (1 h) and 350 oC (3 h), with initial pressure of 100 bar at RT 
Sample
Phase composition (CSD size, (Å)












































































aexact composition could not be determined. bn.d.: not clearly detectable
3.3.2 Elemental composition of the product oil
The oxygen content of the product oils ranges between 10.4 – 17.1 wt% (dry basis), 
which is much lower than the original fast pyrolysis oil which is 40.1 wt% (dry basis). 
This is partly due to a considerable reduction in the water content, 1.7 – 9.6 wt% for the 
product oils (Table 5) versus 23.9 wt% for the fast pyrolysis oil feed (Table 1).
The elemental compositions of the product oils are presented in a Van Krevelen 



















range (0.08 – 0.17). However, a significant spread in the H/C ratios (1.0-1.6) is observed. 
For the NiCu catalysts, the highest H/C ratio was obtained for 16Ni2Cu (1.35), but this 
is still considerably lower than for Ru/C. Catalytic hydrotreatment with monometallic 
Cu catalyst (24.5Cu) resulted in product oil with the lowest H/C ratio, whereas the 
H/C ratio was slightly higher when the monometallic Ni catalyst (20.8Ni) was used. 
The H/C ratio in Fig. 7 correlates nicely with the hydrogen uptake (Table 5) and a 
high hydrogen uptake leads to product oils with a high H/C ratio. For comparison, the 
composition of a product oil obtained in the absence of a catalyst (‘thermal process’) is 
also presented. In this case, the product oil is a very viscous nearly solid paste with very 
low H/C (0.88) and O/C (0.08) ratios. This thermal pathway has been studied in detail 
[42, 43] and the low H/C and O/C ratios are rationalised by assuming the occurrence 
of a variety of dehydration reactions leading to the formation of water. 
Figure 7 Van Krevelen plot for the organic product phases. Product oils are obtained from hydrotreatment 
at 150 oC (1 h) and 350 oC (3 h), with initial pressure of 100 H2 bar at RT (120 bar H2 for Ru/C). 
3.4 Molecular composition of the product oils
To gain insights in the molecular composition of the product oils the samples were 
subjected to GC-MS/FID analyses (Table 7). Unfortunately, less than 20 wt% of 
components in the product oils were detected by GC, as this technique only provides 
information on the amounts of low molecular weight volatile compounds. The product 
oils contain considerable amounts of higher molecular weight compounds (for 
instance lignin fragments and oligomeric sugars), as shown by GPC measurements 
(vide infra). However, the GC data clearly show that low molecular weight sugars (such 
as levoglucosan) and smaller aldehydes (such as hydroxyacetaldehyde) are completely 




















used. This implies that these compounds are very reactive at the conditions employed. 
A slight increase in the amount of lignin derived phenolics is observed, indicating 
that high-molecular lignin fragments are broken down intoto its low molecular weight 
phenolics. Ru/C, the most active catalyst in this study (based on H2 uptake, see Table 5), 
produces considerable amount of alkanes. 














Acids 3.12 2.73 5.57 4.94 3.58 3.03 1.96 5.98
Nonaromatic alcohols - - 0.03 0.03 - - - 0.34
Nonaromatic aldehydes 6.06 - - - - - - -
Nonaromatic ketones 2.25 2.91 7.16 6.74 4.93 3.93 2.41 4.07
Furans - 0.18 0.49 0.32 0.35 0.23 0.11 2.02
Sugars 2.53 - - - - - - -
Lignin derived phenols - 1.22 1.46 1.55 1.00 1.84 1.29 2.69
Guaiacols (methoxy phenols) 2.03 2.08 2.51 2.32 1.94 2.07 1.60 4.83
Alkanes - 0.03 0.07 0.06 0.31 0.03 0.03 7.19
Miscellaneous 0.10 0.27 0.45 0.46 1.04 0.46 0.28 1.05
Total identified 16.09 9.43 17.74 16.41 13.14 11.20 7.69 28.15
aThe product oils were obtained oils from hydrotreatment at 150 oC (1 h) and 350 oC (3 h), with initial 
pressure of 100 bar H
2
 at RT (120 bar H
2
 for Ru/C).
3.4.1 Product properties of the product oils
Relevant product properties of (upgraded) pyrolysis oils when considering co-feeding in 
existing oil refinery units are viscosity, thermal stability, solubility in hydrocarbons and 
acidity. The viscosities of the product oils obtained with some representative bimetallic 
catalysts were determined and found to be about 200-300 cP (225 for16Ni2Cu and 297 
cP for 13.8Ni6.83Cu). These values are considerably higher than for the benchmark 
Ru/C catalyst (25 cP) and the fast pyrolysis oil feed (46 cP). An important contributor 
to these differences is likely the large spread in water content between the feed and 
product oils. Pyrolysis oils contain considerable amounts of water (up to 30 wt%, and 
23.9 wt% for the oil used in this study), leading to relatively low viscosities. The phase 
separated upgraded product oils contain by far less water (4.1 – 9.6 wt%, see Table 5), 
leading to higher viscosities. In addition, the formation of higher molecular weight 
fragments during catalytic hydrotreatment may also contribute to a higher viscosity. 
To test the latter hypothesis, the molecular weight distributions of the product 
oils were determined using GPC. Representative examples of GPC chromatogram 



















690 g/mol, while the values are higher (720 g/mol for Ni and 830 g/mol for Cu) for the 
monometallic catalysts. For Ru/C, the lowest value was found (370 g/mol). 
The viscosity correlates with the average molecular weights of the products and 
higher viscosity is associated with a higher molecular weight. Interestingly, there 
also appears to be a relation between the molecular weight of the upgraded products 
and the hydrogen uptake (Fig. 9). In the case of high hydrogen uptakes (high catalyst 
activity), the molecular weight of the product is reduced. These findings may be 
Figure 8 GPC of product oils using the 16Ni2Cu, 24.5Cu, and Ru/C catalysts. Product oils are obtained from 
hydrotreatment at 150 oC (1 h) and 350 oC (3 h), with initial pressure of 100 bar at RT (120 bar for Ru/C). 
Figure 9 Mass-average molecular weight (Mw) of the product oils as a function of H2 uptake during 
hydrotreatment. Product oils are obtained from hydrotreatment at 150 oC (1 h) and 350 oC (3 h), with 




















rationalised by considering a reaction network proposed in Scheme 1, Chapter 2 for 
the hydrotreatment reaction using Ru/C.
In the initial phase of the hydrotreatment process, catalytic hydrogenation and 
thermal, non-catalytic repolymerisation occur in a parallel mode. Repolymerisation 
leads to the formation of soluble higher molecular weight fragments which upon 
further condensation reactions give char. This route is as such not preferred and the rate 
of the polymerisation reactions should be reduced as much as possible. The preferred 
pathway involves hydrogenation of the thermally labile components in the pyrolysis 
oil feed to stable molecules that are not prone to polymerisation. Subsequent reactions 
(hydrogenations and hydrocracking) on a time scale of hours lead to products with 
reduced oxygen contents and ultimately to higher H/C ratios. The relative rates of both 
pathways will eventually determine the ultimate product properties. The hydrogenation 
pathway is more dominant for reactions with a high hydrogen uptake, leading to low 
viscous products with a low molecular weight. The experimental findings for the NiCu 
catalyst are in line with this pathway proposed and the experiments with the highest 
hydrogen uptake lead to products with the lowest Mw and highest H/C ratio.
To gain insights in the thermal stability of the product oils, defined in terms of the 
tendency of the products for coking, the product oils were subjected to TGA analyses. 
This may be considered as an alternative method for the well established MCRT and 
CCR methods [44, 45]. An example of a representative TGA profile is given in Fig. 10. 
The residue after heating to 900 oC under nitrogen (TG) is taken as a measure for the 
coking tendency. The TG value for the pyrolysis oil feed was 11.6 wt% and between 
7.6 and 16.5 wt% for product oils obtained using the bimetallic NiCu catalysts. The 
lowest values were observed for 13.8Ni6.83Cu and 16Ni2Cu (Fig. 11), viz catalysts with 
Figure 10 TGA profile of product oil obtained from hydrotreatment with 16Ni2Cu at 150 oC (1 h) and 



















the highest hydrogen uptake during an experiment (Table 5). The TG residues for the 
monometallic Ni or Cu catalysts are considerably higher (19.0 wt% for Ni and 24.8 wt% 
for Cu). In comparison, the lowest value is observed for Ru/C, which is not surprising 
when considering the high hydrogen uptake for this catalyst (272 NL/kgPO, Table 5).
The TG residue and the molecular weight of the product oils are related (see Fig. 11), 
and product oils with a lower molecular weight show lower values for the TG residues. 
A similar trend was observed earlier for catalytic hydrotreatment experiments of fast 
pyrolysis oil with a Ru/C catalyst [46]. It implies that the Mw is a good indicator for the 
coking tendency of the product oil. It is well possible that the higher molecular weight 
tail in the molecular weight distribution consists of large condensed molecules that are 
poorly volatile at temperatures at the upper limit of the TGA experiment (900 °C) and 
lead to higher TG residues. The experiments with the highest hydrogen uptake yield 
product oils with the lowest molecular weight and the highest H/C ratio, which can be 
rationalised by considering the competing pathways shown in Scheme 1.
The solubility in hydrocarbons of the product oil obtained with the most active 
catalyst (16Ni2Cu) was estimated by mixing the product oil with an equimass mixture of 
n-hexane and benzene at room temperature. About 53 wt% of the product oil dissolved 
in the n-hexane – benzene mixture, compared to only 4 wt% for the fast pyrolysis oil feed. 
Thus, the polarity of the product oil is reduced considerably upon the hydrotreatment 
reaction with the NiCu catalysts and the solubility in typical hydrocarbons increases. 
Better results were obtained with the Ru/C benchmark catalyst and the product oil was 
completely soluble in the hydrocarbon mixture. This product has a higher H/C ratio, 
a lower TG residue and a higher content of aliphatic hydrocarbons (Table 7) and these 
factors likely render the oil more soluble in hydrocarbons.
Figure 11 TG residues versus the Mw of the product oils. Product oil is obtained from hydrotreatment 




















The product oils still contain substantial amounts of organic acids (2.73 – 5.98 wt%, 
Table 7), and the content is similar or, surprisingly, even higher than in the fast pyrolysis oil 
feed. It suggest that organic acids are very persistent for catalytic hydrotreatment, which was 
confirmed earlier for acetic acid [46], but also that organic acids are likely formed during 
the catalytic hydrotreatment reaction. The latter may be due to thermal decomposition 
reactions of the carbohydrate fraction in pyrolysis oil [47-49] or hydrogenated product 
thereof, which are known to produce considerable amounts of acids. 
To avoid corrosion issues, high product acidity is not recommended during co-
feeding of the product oils in a refinery unit. Preliminary extraction experiments with 
water were performed to reduce the acid content of the product oils. The product oil 
obtained using 16Ni2Cu was washed with water and subsequently both layers were 
separated. The organic acid content (acetic and formic acid) before and after washing 
was determined (capillary electrophoresis). Acetic acid reductions of up to 85% were 
observed (from 3.2 to 0.45 wt%) and formic acid could not even be detected in the 
product oil after the waterwash. These preliminary experiments indicate that a simple 
waterwash could be an attractive option to reduce the acid contents in the product oils. 
Further research will be required to optimise extraction efficiencies and to assess the 
techno-economic potential of this extraction step
3.5  Insights in catalyst structure before and after catalytic hydrotreatment 
reactions 
To gain insights in the morphology, the amounts of active metals and carbon deposition 
a number of measurements (HRTEM, XRD, TGA) were performed on both fresh and 
used catalysts. Metal leaching was determined by analysing the aqueous phase after 
reaction with ICP (Table 8). The leaching order is Ni > Cu > Al. The low extent of 
leaching for 24.5Cu catalyst may be explained by agglomeration of the Cu phase during 
catalyst reduction and the hydrotreatment reaction. Moreover, hydrotreatment with 
monometallic Cu catalyst produced a high amount of char (vide infra, Table 9), which 
may limit the contact of the Cu particles with the acidic environment. 
Table 8 Metal content of the aqueous phases after reaction and extent of leachinga
Metal content in aqueous phase (ppm) Extent of leaching (wt%)b
Ni Cu Al Ni Cu Al
20.8Ni 125 < 1 23 0.5 0 0.02
16Ni2Cu 48 < 1 35 0.3 0 0.04
13.8Ni6.83Cu 95 21 94 0.6 0.3 0.11
13.3Ni11.8Cu 156 89 96 0.8 0.5 0.08
5.92Ni18.2Cu 319 362 60 2.9 1.1 0.04
24.5Cu <1 < 1 17 0 0 0.02
aHydrotreatment performed at 150 oC (1 h) and 350 oC (3 h), with initial pressure of 100 bar H
2
 at RTb 



















ICP-OES analysis shows the presence of significant amounts of metals (Ni, Cu, and 
Al) in the aqueous phase, an indication for leaching of both the active metals and the 
support. The extent of leaching, defined as the amount of metal in the aqueous phase 
(g) divided by the intake of metal (g) times 100%, was in general lower than 1 wt%, 
with the exception of catalyst 5.92Ni18.2Cu (2.9% for Ni and 1.1% for Cu, 
The extent of leaching of the bimetallic catalyst is a function of the metal intake, 
see Fig. 12 for details. The anticipated trend (higher leaching levels at higher intakes) is 
observed for Cu. Remarkably, the reverse is observed for Ni, and a higher Ni content 
on the supports for the bimetallic catalyst leads to lower leaching levels. A possible 
explanation is the acidity of the product oil, with a higher acidity leading to a higher 
tendency for metal leaching. However, this is not in line with the measured acid contents 
of the product oil, see Table 7 for details. The highest acid contents were found for the 
oils produced using the catalyst with the highest Ni content (16Ni2Cu), and this catalyst 
shows the lowest leaching levels. The extent of leaching is also expected to be a function 
of the morphology of the active nickel-copper particles on the support and particularly on 
the surface area and the extent of reduction. In this respect, smaller particles and a lower 
extent of reduction (more oxidised, loosely bound metals) are expected to lead to higher 
leaching levels. Unfortunately, the XRD data of the spent catalyst (Table 6) do not provide 
sufficient information to draw definite conclusions on the observed leaching trend for Ni. 
Another possible explanation is the formation of larger amounts of Ni-spinels at higher 
Ni contents (Fig. 3). These spinels have strong interactions with the support and as such 
may lead to lower Ni leaching rates, with less Ni leaching at higher Ni intake as the result.
The HRTEM images of 13.8Ni6.83Cu catalyst before and after reaction are given 
in Fig. 13. The data indicate that the δ-Al2O3 support is stable at reaction conditions, 
which is also supported by XRD analyses (Table 6) after reaction. The HRTEM images 
indicate the occurrence of agglomeration of Ni and Cu-containing particles after 
reduction and the hydrotreatment reaction.
(a) (b)
Figure 12 Leaching of Ni (a) and Cu (b) as a function of the initial metal intake (hydrotreatment at 




















Carbon deposition on the alumina support was measured by performing TGA 
analysis on the spent catalysts in air and the results are given in Table 9. The amount of 
carbon on the catalysts is between 8.9 and 24.5 wt%. The highest carbon deposition was 
found for 24.5Cu, the lowest for 16Ni2Cu. This is in line with the activity data, where 
the latter was shown to be the most active in the series. Thus catalyst activity may 
(a) (b)
(c) (d)
Figure 13 HRTEM of 13.8Ni6.83Cu: (a,b) reduced at 300 oC, and (c,d) after hydrotreatment of 
pyrolysis oil at 150 oC (1 h) and 350 oC (3 h), with initial pressure of 100 bar H2 at RT. 
Table 9 Carbon deposition on the catalyst after 
hydrotreatment of pyrolysis oil at 150 oC (1 h) and 
350 oC (3 h), with initial pressure of 100 bar H2 at RT.

























among others also be related to coke deposition. Coke deposit on the bimetallic NiCu 
catalysts is in general lower than for the monometallic Cu catalysts. 
4 CONCLUSIONS 
Bimetallic NiCu catalysts with variable NiCu contents on δ-Al2O3 were prepared and 
tested for the catalytic hydrotreatment of both anisole (a model compound) and fast 
pyrolysis oil. For both the hydrotreatment of anisole and fast pyrolysis oil, the bimetallic 
16Ni2Cu catalyst appeared to be the most active and outperformed the monometallic 
Ni and Cu analogs. Catalyst activity is likely related to the size and amount of active 
NixCu1-x clusters in the catalyst formulation as well the extent of carbon deposit and 
metal leaching during the catalytic hydrotreatment reaction. The best NiCu catalyst is 
less active than the benchmark noble metal Ru/C catalyst, though NiCu catalyst are of 
particular interest due to the lower price of Ni compared to noble metal catalysts like 
Ru. In addition, metal leaching is an issue at the harsh reaction conditions for catalytic 
hydrotreatment and requires further research attention. Improved Ni based catalysts for 
the catalytic hydrotreatment reaction of fast pyrolysis oil have been prepared recently 
based on the insights obtained from this study and will be reported in due course. 
Relevant properties of the product oil considering co-feeding in existing oil 
refineries were determined. The thermal stability and particularly the coking tendency 
are improved considerably upon the hydrotreatment reaction and the product oils also 
show improved solubility in hydrocarbons. The viscosity was shown to be higher than 
the original pyrolysis oil feed, likely due to a lower water content and formation of 
some higher molecular weight components. Reduction of the viscosity is possible by 
blending with hydrocarbons. The acid content of the product oil is still considerable, 
though a water wash was found to be sufficient to reduce the acid levels considerably. 
Further research activities, a.o. in labscale MAT units to determine the suitability of the 
product oils made using the bimetallic NiCu catalysts for co-feeding in refinery units 
are in progress and will be reported in subsequent papers. 
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CATALYTIC HYDROTREATMENT OF FAST PYROLYSIS OIL 
USING BIMETALLIC NiCu CATALYSTS ON VARIOUS SUPPORTS
This chapter is published as: 
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Bimetallic NiCu catalysts on various supports (CeO2-ZrO2, ZrO2, SiO2, TiO2, rice 
husk carbon, and Sibunite) with metal contents ranging from 7.5-9.0 wt% (Ni) and 
3.1-3.6 wt% (Cu) for the inorganic supports and 17.1-17.8 wt% (Ni) and 7.1-7.8 wt% (Cu) 
for the carbon supports were synthesised and screened for the catalytic hydrotreatment 
of fast pyrolysis oil in a batch set-up (1 h at 150 oC and 3 h at 350 oC, with initial H2 
pressure of 100 bar at RT). NiCu/TiO2 showed the highest activity (average activity 
of 576 NLhydrogen.kgPO-1.gactive metal-1 for a 4 h batch time) and gave a product oil with the 
most favourable properties, viz a H/C ratio of 1.43, a low TG residue (2.7 wt%) and the 
highest solubility in a hydrocarbon solvent. The TiO2 based catalyst was characterised 
as having moderate leaching levels of Ni and Cu metals (Ti remained unchanged), low 
carbon-residue deposition on the catalyst surface and limited metal sintering.
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Fast pyrolysis of lignocellulosic biomass at temperatures of typically between 450 and 
500 oC, and residence times of less than 1 s, produces an oil known as fast pyrolysis 
oil in yields of up to 75 wt% [1]. The product contains negligible amounts of ash, and 
has a volumetric energy density 5 to 20 times higher than the original biomass. The 
oil is a complex multi-component mixture of relatively polar organic compounds (ca. 
75-80 wt%) with a broad degree of polymerisation and water (ca. 20-25 wt%) [2, 3]. 
It is considered an attractive second generation biofuel and has been used to generate 
heat and electricity, e.g. in combustors or turbines or as a co-feed in power stations. 
However, the oil is acidic in nature, polar and therefore not miscible with conventional 
crude oils. In addition, it is thermally labile, and an increase in viscosity in time is 
observed due to (re-) polymerisation of organic groups in the oil. 
A number of catalytic technologies have been proposed and investigated to improve the 
product properties of fast pyrolysis oils. A well-known approach is the catalytic cracking 
of pure biomass and/or pyrolysis oil to oxygen-free products. However, this approach is 
accompanied by a significant amount of coke production (up to 40 wt% of the biomass) 
[4-6] and further R&D activities are required to reduce coke formation. A number of 
studies have been performed to remove the bound oxygen in the form of CO and/or CO2 
by decarbonylation and decarboxylation reactions, either thermally or catalytically. The 
thermal process is known as the HPTT process, a high pressure temperature treatment [7]. 
However, oxygen removal beyond a level of 10 wt% appears very difficult, even when using 
catalysts. The product is also highly viscous, limiting its applications potential. 
Catalytic hydroprocessing or hydrotreatment of fast pyrolysis oil is a more 
promising option [8-10]. In this process, the fast-pyrolysis oil is treated with hydrogen 
in the presence of a heterogeneous catalyst with the aim to hydro(deoxy)genate 
the pyrolysis oil to a product with improved product properties. Typically, elevated 
temperatures (350 – 450 oC), and high pressures (200 bar) are required. Elliott et al. 
[11] and Venderbosch et al. [12] discussed the need to perform a stabilisation step 
(i.e. hydrotreatment at low temperature, 150 – 225 oC) prior to the high-temperature 
hydrotreatment to prevent excessive polymerisation by thermal reactions [7]. 
Possible product applications of the upgraded pyrolysis oil from catalytic 
hydrotreatments are as transportation fuels and as a co-feed in existing oil refineries [13, 
14]. For the former, the properties of the upgraded oils should preferably mimic those 
of conventional fossil-fuel based gasoline or diesel to use the product as a drop-in fuel. 
This implies that the oxygen content should be reduced to very low levels and, though 
technically feasible and proven already, will lead to high hydrogen consumptions and 
as such limit the economic feasibility. For co-feeding purposes, deep deoxygenation 
seems not necessary, and the H/C ratio seems more important, with high H/C ratio 
being preferred. For instance, the co-processing of hydrotreated pyrolysis oils in a lab 
scale simulated FCC unit (MAT) with an H/C ratio of 1.6 – 1.7 and oxygen contents > 
5 wt% have been reported [15]. The hydrotreated products were successfully dissolved 













(44–46 wt%) and Light Cycle Oil (23–25 wt%) were close to the conventional feed 
without an excessive increase in undesired coke and dry gas. 
A wide variety of catalysts have been tested for catalytic hydrotreatment. 
Traditionally, sulphided NiCu and CoMo on γ-Al2O3 have been applied. The use of 
these catalysts is rationalised by considering the close analogy of the process with HDS 
[8-10, 16, 17]. However, the need for additional sulphur in steady-state conditions 
to maintain activity when HDS catalysts are applied, may contaminate the originally 
sulphur-free pyrolysis oil. Noble metal catalysts, like Ru/C and Pd/C, were also shown 
to be good catalysts and upgraded oils with a low oxygen content and high H/C ratio 
were obtained [18, 19]. Particularly, Ru/C was shown to be an active catalyst and a range 
of studies have been reported [19]. However, the high cost of noble metals like Ru may 
limit their potential use. We have recently shown that non-noble metal catalysts based 
on less-expensive Ni and Cu metals on a δ-alumina support are also active for the 
catalytic hydrotreatment of fast pyrolysis oil [20]. Product oils with oxygen contents 
of ca. 10 wt% and H/C ratios of ca. 1.35 were obtained. Methane formation, a serious 
concern when using Ru based/C catalysts, was shown to be reduced dramatically. 
A limited number of studies have been performed on the effects of catalyst supports for 
the hydrotreatment of fast pyrolysis oil. Wildschut et al. [19] used Ru catalysts on various 
supports (C, γ-Al2O3, TiO2) for the hydrotreatment at 350 oC for 4 h. Product properties 
were determined and the H/C values decreased in the order Ru/TiO2 > Ru/C > Ru/γ-Al2O3. 
The lower performance of Ru/γ-Al2O3 compared to other catalysts was assumed to be 
related to the relatively low stability of γ-Al2O3 at the harsh reaction conditions (elevated 
temperatures and pressures, acidic aqueous reaction medium). Water reacts with γ-Al2O3 to 
form boehmite, with loss of surface area and physical integrity as the result. 
We here report a screening study on catalytic hydrotreatment of fast pyrolysis oil 
using NiCu catalysts on different supports (inorganic-based like CeO2-ZrO2, TiO2, 
ZrO2, Al2O3) and carbon type supports (Sibunite [21] and carbon derived from rice 
husk) to gain insight on the impact of the supports on the catalytic activity, catalyst 
stability and relevant product properties of the upgraded oils. 
2 MATERIALS AND METHODS
2.1 Materials
Pyrolysis oil was obtained from fast pyrolysis of pine wood and was provided by VTT 
(Espoo, Finland). Relevant properties of the pyrolysis oil are compiled in Table 1. The 
Ru/C (5 wt%) catalyst was obtained from Sigma-Aldrich (St Louis, USA). Hydrogen 
of 99.999 % purity was purchased from Hoekloos (Schiedam, The Netherlands). 
TiO2 Hombifine N (320 m2/g, 100% anatase) was obtained from Sachtleben Chemie 
GmbH (Duisburg, Germany). SiO2, ZrO2 and CeO2-ZrO2 (weight ratio of CeO2:ZrO2 
is 1:1) were synthesised by sol-gel techniques using Si(OEt)4 (Penta-91, Ltd., Moscow, 
Russia), ZrO(NO3)2∙2H2O (Reahim-Samara, Samara, Russia) and Ce(NO3)3 ∙6H2O 
(SaintehLab, Russia). Mesoporous carbonaceous rice husk (CRH) was synthesised 














Institute of Hydrocarbons Processing SB RAS (Omsk, Russia). Ni(NO3)2∙6H2O and 
Cu(NO3)2∙3H2O were obtained from Reahim-Samara (Samara, Russian Federation).
2.2 Catalyst preparation
Synthesis of ZrO2 and CeO2-ZrO2 catalysts supports was performed by coprecipitation 
from a mixture of ZrO(NO3)2∙2H2O (or ZrO(NO3)2∙2H2O and Ce(NO3)3∙6H2O) aqueous 
solutions with ammonia aqueous solution followed by heat treatment. Corresponding 
amounts of zirconyl nitrate (or zirconyl nitrate and cerium nitrate) was dissolved in 
distilled water while stirring, after which the solution was filtered from mechanical 
impurities. Coprecipitation was carried out in a reactor with the turbine stirrer in 
a continuous mode at a constant pH of 7. The resulting suspension was filtered and 
washed with cold distilled water. The precipitate was dried at 110 ° C for 24 hours and 
then calcined at 350 ° C in air.
All catalysts were prepared by wet impregnation with aqueous solutions of the 
metal salts (Ni(NO3)2∙6H2O and Cu(NO3)2∙3H2O). For each catalyst, the volume of the 
salt solution was equal to the pore volume of the support. These solutions were added 
dropwise to the supports. After impregnation, the catalysts were dried at 100 oC for 
12 h, then calcined at 450 oC for 3 hours and subsequently crushed and sieved. The 
fraction from0.25 to 0.5 mm was used for the reactions. Before reaction, the catalysts 
were activated by reduction using hydrogen gas (vide infra).
2.3 Catalyst characterisation
Temperature programmed reduction (TPR). Catalyst samples (0.05 g) were placed in 
a U-tube quartz reactor and were treated in a reducing atmosphere (10 vol. % of H2 
balanced in Ar at a flow rate of 20 ml/min) with a constant heating rate of about 8 oC/
min until 800 oC. The hydrogen concentration in the outlet stream during reduction 
was measured by a thermal conductivity detector (TCD).
X-ray diffraction (XRD). XRD analyses were performed on a D500 Siemens 
(Germany) and X’tra (Thermo, Switzerland) X-ray diffractometer using CuK
α
 radiation. 

































The diffraction patterns were recorded by scanning with 0.05о step increments at an angle 
range from 30 to 80о using an accumulation period of 5 s per step. High temperature in 
situ XRD experiments were performed in a home-made reactor chamber developed at 
the Boreskov Institute of Catalysis [21]. The gas flow (hydrogen) was fixed at 60 ml/min 
and a heating rate of 25 oC / min was applied. The hydrogen pressure was set at 1 bar 
and the samples were heated in the hydrogen atmosphere to 300oC. Then XRD patterns 
were recorded by scanning 2θ angles from 30 to 55o at 300 oC until the sample achieved 
quasi equilibrium state as evidenced from the absence of noticeable changes in the 
diffraction patterns. Then the samples were cooled under a hydrogen atmosphere 
and the XRD patterns were recorded. The average sizes of the metal crystallites were 
calculated using the Scherrer equation [24].
Thermogravimetric analyses (TGA). TGA of spent catalysts were performed on a 
Shimadzu-DTG-60H (Japan) thermogravimetric analyser Catalyst samples (ca. 0.01 g) 
placed in corundum crucibles were heated with a constant heating rate of 10 oC/min 
from ambient temperature to 600 oC. All measurements were carried out in air (1 bar). 
The carbon-residue deposited on the catalyst was determined by the difference of the 
weight loss (after TGA) between the fresh and spent catalyst. 
High resolution transmission electron microscopy (HRTEM). HRTEM images were 
recorded on a JEM-4000EX transmission electron microscope at 200 kV accelerating 
voltage. 
2.4 Catalytic hydrotreatment of pyrolysis oil
The catalytic hydrotreatment of pyrolysis oil was performed in a Parr reactor (100 mL) 
equipped with an overhead stirrer. The reactor was operated in batch mode, both 
regarding the gas and liquid phase. The reactor was filled with the catalyst and closed. 
For the carbon based catalysts with an active metal content (Ni + Cu) of around 25 wt%, 
2.5 g catalyst was used in each experiment. For the catalysts on an inorganic support 
with about 12 wt% of active metal (Ni + Cu), 5 g catalyst per experiment was used. 
After flushing with nitrogen, the catalyst was pre-reduced in situ using 10 bar of H2 at 
350 oC for 1 h. After reduction, the reactor was cooled down, and fast pyrolysis oil (25 g) 
was injected to the reactor from a storage vessel using pressurized N2. The reactor was 
subsequently flushed with H2 and then pressurised with of H2  (100 bar). The stirrer was 
set to 1300 rpm and the temperature was raised to 150 oC. The reactor was operated at 
this temperature for 1 h and subsequently the temperature was increased to 350 oC. The 
initial pressure in the reactor was typically 200 bar at 350 oC. The reactor was operated 
at 350 oC for 3 h and then cooled to room temperature. A sample from the gas cap was 
taken and analysed with GC-TCD. The reactor was opened and the suspension was 
centrifuged to separate the liquid aqueous and organic phases from the solids, which 
include the spent catalyst. The weight of all phases was determined for mass balance 
calculations. The organic phase was analysed using various techniques as described in 
section 2.4.1. The solid was thoroughly washed with acetone, dried (overnight at room 














2.4.1  Analysis of reaction products from the catalytic hydrotreatment of 
pyrolysis oil
GC-TCD. The gas composition after each experiment was analyzed using GC-TCD with 
a HP5890 Series II GC equipped with a CP Porabond Q (50 m x 0.5 mm, film thickness 
10 μm) and a CP-Molsieve 5A (25 m x 0.53 mm, film thickness 50 μm) columns.
Elemental analyses. The liquid organic phases were analysed by elemental analysis 
using a EuroVector EA3400 Series CHNS-O with acetanilide (> 99.5 wt% purity, 
obtained from Hekatech GmbH) as calibration reference. The amount of oxygen was 
determined by mass difference assuming the absence of mineral residues. 
Water content. The water content of the liquid organic phases was determined by 
volumetric Karl-Fischer using a Metrohm 702 SM Titrino. Around 0.01 g of sample 
was introduced to an isolated glass chamber containing Hydranal® solvent (Riedel de 
Haen). The titration was carried out using Hydranal® titrant 5 (Riedel de Haen). 
Thermogravimetric Analysis (TGA). TGA data of the liquid organic phases were 
determined using a TGA 7 from Perkin-Elmer. The samples were heated in a nitrogen 
atmosphere with a heating rate of 10 oC/min and a temperature range between 20 – 
900 oC. The TGA residual weight, a measure for the coking tendency of a product oil, 
was defined as the TGA residue after the heating sequence. 
Gel Permeation Chromatography. GPC analyses of the organic liquid phases were 
performed using an Agilent HPLC 1100 system equipped with a refractive index 
detector and three columns in series of mixed type E (length 300 mm, i.d. 7.5 mm). 
Polystyrene was used as a calibration standard. The organic phases were dissolved in 
THF (10 mg/mL) and pre-filtered (0.2 μm pore size) before injection.
GC-MS/FID. GC-MS/FID measurements of the pyrolysis oil and the organic 
phase after reaction (upgraded oil) were performed at the Johan Heinrich von Thünen 
Institute (Hamburg, Germany). All GC analyses were carried out on an Agilent 6890 
system coupled with parallel flame ionization and mass-spectrometric detectors. 
Electron impact mass spectra were obtained using a 70 eV ionisation energy. The GC 
split was 1:15, the injector temperature set at 250 °C and a sample volume of 1 μl was 
injected. The temperature program started at 45 °C for 4 min, heating at 3 °C/min to 
280 °C followed by 20 min dwell time, using 2 ml/min helium as carrier gas. 
Solubility determinations. The solubility of the upgraded oils in hydrocarbons 
was determined by contacting the oil (1 g) with a mixture of n-hexane and benzene 
(1 : 1 wt. ratio, 2 g total). The mixture was stirred in an ultrasonic bath for 5 minutes, 
subsequently heated to 40 oC for 30 min and settled overnight at room temperature to 
assure a complete phase separation. The phases were separated and weighed. The top 
phase was shown to be rich in n-hexane and benzene. The solubility of the upgraded oil 














Where  is the mass of the hexane-benzene rich layer after equilibration 
and phase separation and  the intake of the hexane-benzene mixture.
2.4.2 Data evaluation for the hydrotreatment experiments
The H2 uptake for each experiment was determined and used to calculate the activity 
of the catalyst. It is based on pressure and temperature recordings and gas phase 
composition data before and after the reaction. For simplicity the ideal gas law was 
applied. It was assumed that the volume of the gas phase in the reactor is constant along 
the reaction. The detailed calculation procedure is explained in Chapter 3, Section 2.8. 
The initial number of moles of H2 in the reactor is given by:
(2)
Where  is the initial amount of hydrogen (in moles) in the reactor;  is the 
volume of the gas phase;   is initial pressure in the reactor (at room temperature in Pa), R is the universal gas constant (8.314 J/mol.K) and  is the initial temperature in the reactor (room temperature).
After a reaction, the reactor was cooled to room temperature and the total pressure 
was recorded. In combination with the composition of the gas phase as determined by 
GC-TCD, the amount of hydrogen at the end of the reaction is given by:
(3)
where  is the amount of hydrogen (in moles) after the reaction and  the 
mole fraction of the hydrogen in the gas cap after reaction. The hydrogen uptake per kg 
pyrolysis oil (NL/kg) is calculated using the following equation: 
(4)
The activity of the catalyst is calculated from the cumulative H2 uptake and catalyst 
intake, and is an average value over the batch time (4 h, see Eq. 5) and expressed as 
NLhydrogen/(kgPO.gactive metal). The activity is based on the sum of the amount of the active 















3 RESULTS AND DISCUSSION
3.1 Catalyst syntheses and characterization
The catalysts were produced by dry impregnation of the Ni and Cu precursors in the 
form of metal-nitrates on the various supports. Similar loadings of Ni and Cu (ca. 8 and 
3.5 wt%, respectively) were applied for the inorganic supports (TiO2, ZrO2, and CeO2-
ZrO2), higher Ni and Cu loadings of ca. 17 and 7 wt% were applied on carbon supports 
(Sibunite and rice husk), making use of the superior surface area capacities. The BET 
areas of the fresh catalysts after calcination were determined and ranged between 31 
– 73 m2/g for the metal oxide supports (Table 2). The carbon based catalysts showed 
much larger BET areas of 262 (Sibunite) and 583 m2/g (rice husk). 
Table 2 Catalyst composition and specific surface areas as determined by the BET method.





















The reduction behaviour of Ni(II) and Cu(II) in the catalysts was studied by TPR 
and the reduction profiles for the inorganic support based catalysts are given in Fig. 1. 
TPR analyses for the two catalysts supported on carbon were not successful due to 
partial methanation of the support during the TPR experiments. For all catalysts, 
except NiCu/TiO2, the catalyst is fully reduced at temperatures below 350 oC. Several 
peaks are present in the TPR curves. Those below 220 oC are likely associated with 
reduction of Cu(II) to Cu(0), whereas peaks above this temperature are associated with 
the reduction of bimetallic NixCu1-x  species [25] and the reduction of Ni(II) to Ni(0). 
The TPR curve of NiCu/TiO2 shows the latter transitions at a much higher temperature 
(> 400 oC). Lazaro, et al. [26] reported that NiO and TiO2 may interact strongly and 
form surface NiO-TiO2 (NiTiO3) species. The reduction temperature of the latter is 
higher than found for pure NiO. Our observation is in line with this proposal. 
The phase identification results by XRD measurements on both the freshly prepared 
and reduced catalysts are given in Table 3. The calcined, non-reduced catalysts show 
the expected reflections of NiO and CuO clusters and the support. The only exception 
is NiCu on TiO2 where the formation of a distinct NiTiO3 phase was identified (Table 3), 
in agreement with the reduction behaviour. 
After in situ reduction at 300 °C, the carbon based catalysts showed the presence 













rich clusters (150-200 Å) are larger than the Cu rich ones (100 Å). Distinct all-Ni or 
Cu clusters were not observed. For the inorganic supports, only for NiCu on zirconia, a 
NiCu cluster was observed (Ni0.97Cu0.03) whereas clear peaks for the bimetallic clusters 
were absent for NiCu on the TiO2 and CeO2-ZrO2. For TiO2, the reduction temperature 
is likely too low, as pointed out in Fig. 1. The crystalline state of the TiO2 support 
(anatase) and ZrO2 support (amorphous) do not change during the reduction step. 
HRTEM/EDX analyses were performed for all catalysts in the oxidised form after 
calcination. It shows the presence of two distinct NiCu-O containing clusters; one rich 
in nickel, one rich in copper. These are likely the precursors of the Ni1-xCux clusters 
upon reduction as observed separately by XRD for the carbon supports and ZrO2. The 
sizes of NiO-rich particles are smaller (e.g. 5 – 10 nm for NiCu /SiO2, > 25 nm for 
NiCu/Sibunite and 10 – 20 for NiCu/CeO2-ZrO2) than the CuO-rich particles (20 – 50 
nm for NiCu/SiO2, >100 nm for NiCu/Sibunite and up to 100 nm for NiCu/CeO2-
ZrO2). This trend is opposite to that observed for the reduced catalysts and indicates 
a large effect of the reduction process on the cluster sizes. TEM-EDX also reveals the 
presence of NiTiO3 species on the NiCu/TiO2, in line with the XRD measurements.
Table 3 CSD sizes and phase composition of the oxidized, reduced and spent catalysts 
(XRD data). 
Sample
Phase composition (CSD size, Å)
Oxidized Reduced at 300 oC After reaction












































































































































Figure 1 TPR profiles for the catalysts on inorganic supports (additional peaks above 400 °C were not 
observed for the NiCu/CeO2-ZrO2 and NiCu-ZrO2 catalysts)
(a) (b)
Figure 2 TEM images of the reduced NiCu/Sibunite (a) and reduced NiCu/ZrO2 (b).
Two of the catalysts (NiCu/Sibunite and NiCu/ZrO2) were also analysed by TEM/
XRD in reduced form and the results are given in Fig. 2. For NiCu/Sibunite (Fig. 2(a)), 
large and non-uniformly dispersed metal clusters are visible. For NiCu/ZrO2, the metal 













3.2 Catalytic hydrotreatment of fast pyrolysis oil 
3.2.1. Mass balances and reaction products 
The catalytic hydrotreatment of fast pyrolysis oil was performed in an autoclave 
which was operated in batch mode concerning both the gas and liquid phase. The 
hydrotreatment reaction was performed at two consecutive temperatures, viz at 150 oC 
for 1 h, and subsequently at 350 oC for 3 h to avoid severe thermal polymerisation 
of the pyrolysis oil [12, 27]. Typically, two liquid phases (organic and aqueous) and 
some solids (char) were obtained after reaction for all the bimetallic NiCu catalysts. In 
addition, a number of non-condensable gases like methane, CO and CO2 are formed. 
An overview of the experimental results is given in Table 4. 
The liquid organic phase is typically a dark brown, relatively low viscous liquid and 
is obtained in yields between 36 and 45 wt%. The upgraded oil has a density higher 
than the aqueous phase. The oxygen content of the upgraded oils is in the range of 
5.4 – 16.1 wt% (dry basis), which is considerably lower than the original pyrolysis oil 
(40.1 wt%). For some of the catalysts and particularly NiCu/Sibunite, the upgraded oil 
is very viscous and close to a paste which hampers a quantitative product collection. As 
such, the mass balance closures for these reactions are lower than those for a reaction 
producing a low/medium viscous, free flowing product (typically > 90 wt%). The 
yellowish aqueous phase is obtained in yields between 31 and 47 wt%. The aqueous 
phase still contains organics as evident from the presence of 5 – 9 wt% carbon.

























 uptake, NL/kg feed 133 149 194 95 85 146
Yields
Total product oil, wt% on feed 40.6 38.9 45.5 44.9 35.9 42.2
Aqueous phase, wt% on feed 39.7 41.1 46.8 32.0 31.4 41.8
Solid (acetone insoluble), wt% on feed 2.3 2.5 3.4 1.4 0.8 2.2
Solid deposited on catalyst, wt% on feedb 1.3 0.7 0.7 ndc ndc 0.4
Gas, wt% on feed 9.0 7.0 6.8 10.0 9.5 7.5
Mass balance closure, wt% feed 93 90 103 88 78 94
Elemental composition of upgraded oil, wt%, dry
C 78.3 72.1 73 76.2 87.6 74.5
H 8.5 8.7 9.1 8.1 6.8 8.4
N 0.02 0.03 0 0 0.01 0.02
O 13.2 16.1 15.1 17.7 5.4 17.1
Moisture 8.1 4.1 3.6 3.9 12.5 4.1
Carbon in aqueous phase (wt%, wet) 6.4 8.2 7.1 8.8 8.4 7.9
a150 oC (1h) and 350 oC (3 h), with initial H
2















The activity of the catalysts was determined from the experimentally determined 
hydrogen uptake (Fig. 3) during the catalytic hydrotreatment reaction in the batch set-up 
(Eq. 5). A clear support effect is observed and performance of the inorganic supports is 
considerably better than the carbon supports. The highest activity was observed for the 
NiCu/TiO2 catalyst. The activity data reported here are given on average basis over the 
batch reaction time. Thus, these do not necessarily reflect the intrinsic activity of the 
catalysts; catalyst deactivation during operation may also play a role (vide infra). 
The relatively low activity of the carbon supported catalyst compared to the inorganic 
supports, and particularly the Sibunite based catalyst, is likely due to the presence of 
relatively large metal clusters as shown by TEM (Fig. 2.a). In addition, as will be shown 















































Figure 3 Catalyst activity (4 h batch time) for NiCu catalysts as a function of the support
3.3 Product properties of the upgraded oils
3.3.1 Elemental composition
Earlier studies [28, 29] have pointed out that the H/C ratio of the upgraded oil is an 
important indicator for its suitability to be used as a co-feed in existing refinery units. 
Upgraded products with a high H/C ratio are preferred whereas the O/C ratio is of less 
importance. The elemental compositions of the upgraded oils are included in Table 4, 
and H/C and O/C ratios of the upgraded oils obtained in this study are depicted in a van 
Krevelen plot (Fig. 4). Clearly, the H/C ratio varies considerably (1.10-1.45) whereas the 
O/C ratio falls within a rather narrow range (0.08 – 0.18). The product coordinates for 
an oil obtained from an experiment in the absence of a catalyst and free of H2 (HPTT) 
is also included as reference value of the thermal route. The paste-like, highly viscous 
organic product of this thermal, non-catalytic reaction has an O/C ratio in the range as 













for catalyst performance. However, the H/C ratio for the non-catalytic experiment is 
considerably lower than found for the catalytic reactions [19]. This low H/C ratio is 
caused by the occurrence of reactions producing water, which lowers both the O/C and 
H/C ratio of the product, compared to the fast pyrolysis oil feedstock. 
Active hydrogenation catalysts are expected to lead to upgraded oils with higher 
H/C ratios than the thermal non-catalytic experiments and this is indeed the case, see 
Fig. 4 for details. Clearly, the most active catalyst, NiCu/TiO2, gives a product with the 
highest H/C ratio in the range. 
Figure 4 Van Krevelen plot of the upgraded oils obtained from the hydrotreatment of pyrolysis oil with 
NiCu catalyst on various supports. The untreated pyrolysis oil and the thermal trajectory (dashed line) 
are given as references.














3.3.2 Relevant product properties of the upgraded oils
Relevant product properties of upgraded fast pyrolysis oils when considering co-feeding 
in existing oil refinery units are among others i) thermal stability and particularly the 
tendency for coking at elevated temperatures, ii) solubility in hydrocarbons and iii) acidity. 
The thermal stability of the product oils, defined in terms of the tendency of the 
products for coking, was determined using TGA. This is an alternative method for 
the well-established MCRT and CCR methods [30, 31]. The residue after heating the 
sample to 900 oC in a nitrogen atmosphere (TG) was taken as a measure for the coking 
tendency. The TG value for the untreated pyrolysis oil was 11.6 wt% and between 3 and 
11 wt% for product oils obtained using the bimetallic NiCu catalysts. The best results 
were obtained for NiCu on TiO2. The TG value was found to be related to the catalyst 
activity, see Fig. 6 for details. The most active catalysts (i.e. highest hydrogen uptake) 
lead to products with the lowest TG residue. A similar observation was found in our 
earlier studies on Ru/C catalysts [29]. Apparently, hydrogenation leads to components 
with a higher thermal stability that are less prone to polymerisation reactions at 
elevated temperatures.
The TG residue and the weight-average molecular weight (Mw) of the product oils as 
determined by GPC are also linearly correlated (Fig. 7). Product oils with a lower molecular 
weight show lower values for the TG residues. A similar trend was earlier observed for 
catalytic hydrotreatment experiments of fast pyrolysis oil with a Ru/C catalyst [32]. It 
implies that the Mw is a good indicator for the coking tendency of the product oil. 
Another relevant product property of the upgraded oils to enable co-feeding in 
existing refinery units is their solubility in petroleum feeds like vacuum gas oil (VGO). 
When soluble, it eliminates the use of a separate dosing system to the reactor section. As 
VGO is very dark in colour and rather viscous at room temperature, the determination 













of the solubility of the also dark upgraded oils in VGO is difficult. Therefore, the 
solubility was tested in a simulated VGO consisting of equimass amounts of n-hexane 
and benzene (HB). The solubility results are given in Table 5. 
The pyrolysis oil feed has very low solubility in HB (0.01 g/gHB). The solubility of 
the upgraded oils is considerably higher, except for the NiCu/Sibunite based upgraded 
oil, which is not soluble at all. The highest solubility was found when using NiCu/TiO2; 
the most active catalyst in the series. The solubility appears to be related to the H/C 
ratio of the oil, cf. data in Table 3 and Fig. 5, with a higher H/C ratio leading to a 
higher solubility in hydrocarbons. The upgraded oils with higher H/C ratio are richer 
in hydrocarbons and as such more nonpolar in nature. Besides, upgraded oils with high 
H/C ratios also have lower molecular weights, as shown by the GPC results, and this is 
also expected to improve the solubility in the hydrocarbon model solvent. 
For co-feeding purposes, the product acidity should be as low as possible to reduce 
the tendency for corrosion in piping and utilities. The acidity of the product oils was 
determined by analyses of the amounts of organic acids (a.o. acetic acid, propionic 
acids, butyric acid, pentanoic acid and hexanoic acid) using GC-MS/FID and the 
results are depicted in Table 5. The upgraded oils still contain substantial amounts of 
organic acids (0.4 – 5.57 wt%), which may limit their application potential. In an earlier 
study [29], the final oils were successfully de-acidified by a liquid-liquid extraction 
using water. Acetic acid reductions of up to 85% were achieved, indicating that a simple 
water wash can be an effective option for these oils as well. 
In conclusion, the relevant catalyst-product performance established above 
(i.e. coking tendency, acidity and solubility in hydrocarbons) show that the product 
properties are optimal for oils derived from the most active catalyst in the series, NiCu/
TiO2. For this catalyst, the H/C ratio of the product is also the highest in the series, 
indicating that this is a valuable indicator to assess catalyst performance related to 
product properties. 














3.3.3 Gas phase composition 
Analyses of the gas phase revealed the presence of considerable amounts of gases other 
than hydrogen, viz. CO, CO2, CH4 and small hydrocarbons. The cumulative amounts of 
gas produced per kg PO feed for a 4 h batch time were determined (Fig. 8). The major 
component is CO2 (0.8 – 1.4 mol/kgfeed), whereas CH4 (0.09 – 0.21 mol/kgfeed), CO 
(0.06 – 0.16 mol/kgfeed), and small hydrocarbons (C2 – C3,) are formed in much lower 
amounts. The effect of various supports on the amount of gas produced is relatively 
small, though the inorganic supports produce slightly less gas. The methane production 
levels are much lower than those typically found for Ru/C catalysts [29]. 
























TG residue (wt%) 11.6 8.0 4.7 2.7 10.8 19.9 6.8






0.01 0.16 0.14 0.24 nda 0.0 0.20
Total acids (wt%, wet) where: 3.12 2.02 3.30 2.16 4.24 n.d. 5.57
Acetic acid 2.94 0.54 1.33 0.99 1.50 2.23
Propionic acid 0.18 0.62 0.93 0.56 0.89 1.74
Butyric acid 0.53 0.46 0.34 1.27 0.81
Pentanoic acid 0.21 0.39 0.15 0.58 0.42
Hexanoic acid 0.13 0.19 0.11 0.37





















































Figure 8 Cumulative gas production (4 h batch time) and composition for the hydrotreatment of 














The catalytic hydrotreatment of fast pyrolysis oils is performed at harsh conditions (i.e. 
350 oC, hours timescale, presence of water near critical conditions and organic acids) 
and this may affect the structure, morphology and texture of the catalysts. Irreversible 
catalyst deactivation due to processes like leaching, sintering of active metals and 
organic coke/solids deposition may occur. The extent of these phenomena is known to 
be support dependant [33-36]. To get a better understanding of the occurrence of these 
phenomena for the NiCu catalysts used in this study, spent catalysts were analysed 
(XRD, HRTEM/EDX, TPO) and the data were compared with those for the fresh 
catalysts. Furthermore, the content of relevant metals in the aqueous phase and the 
upgraded oils were determined to assess the extent of leaching. 
3.4.1 Metal leaching
Information about the extent of metal leaching during an actual catalytic hydrotreatment 
reaction was obtained by determination of the levels of the various metals (ICP) in both 
the aqueous and product oil phase after reaction. The results indicate the occurrence of 
leaching, though the extent is a strong function of the support (Table 6). Interestingly, 
metals were not only detected in the acidic aqueous phase but also in considerable 
amounts in the product oil. This may be due to the presence of the acids in the organic 
phase (Table 5), presumably by the formation of metal carboxylates. Thus, to accurately 
determine metal leaching, both the metal content in the aqueous phase and the product 
oil should be taken into account. 
The lowest extent of leaching was observed for NiCu/δ-Al2O3 (0.9 wt% Ni, 0.2 wt% 
of Cu, 0.5 wt% Al). The extent of Ni leaching from the most active catalyst (NiCu on 
TiO2) is higher than for the zirconia and alumina supports. Remarkable differences 
in leaching levels were observed for the two carbon supported catalysts. All metals 
are leached from the NiCu/Sibunite catalysts, whereas the NiCu on carbonaceous rice 
husk showed much lower leaching levels. The high leaching level of NiCu/Sibunite as 
Table 6 Extent of leaching of relevant metalsa
Extent of leaching (%)b





22.6 28.7   18.0 0.1
NiCu/ZrO
2
1.9 1.2     0.1
NiCu/TiO
2
5.1 2.3 0.1    
NiCu/CRH 4.7 0.1      





0.9   0.2 0.5
aHydrotreatment performed at 150 oC (1h) and 350 oC (3h), with total pressure of 200 bar at 350 oC.
bDefined as the amount of metal in the aqueous phase and organic phase (g) divided by the intake of 














observed with ICP is also confirmed by the HRTEM/EDX observation (Fig. 9). These 
differences are likely related to the strength of the metal cluster-support interaction and 
the size of the metal clusters. For NiCu on Sibunite, large metal clusters were observed 
(Fig. 2a), and this may explain the high leaching levels. 
The concentrations of support metals in both the aqueous and product oil phases 
were also determined to establish the intrinsic stability of the support. ZrO2 and TiO2 
are stable at the reaction conditions, with leaching levels below 0.1 wt%. Of the other 
inorganic supports, especially CeO2 shows high levels of leaching (18 wt%). This may 
be due to the formation of basic carbonate hydroxide (CeCO3OH) species as observed 
by XRD (Table 3), which are expected to dissolve readily in acidic aqueous media. 
3.4.2 Carbon deposition
Earlier studies on the catalytic hydrotreatment of pyrolysis oil have shown that carbon 
deposition on the catalyst may occur to a considerable extent [29]. Ni catalysts are 
known to be prone to carbon deposition [37]. The carbon deposition levels on spent 
catalyst containing the inorganic supports were determined by TGA and the results are 
given in Table 7. The amounts of carbon range between 7.1 and 13.4 wt%. The highest 
levels were found for the CeO2-ZrO2 support, the lowest for both ZrO2 and TiO2. The 
carbon deposition on CeO2-ZrO2 may be related to the high extent of Ce leaching [38]. 
In a recent study on mono- and bi-metallic metal catalysts based on Rh, Pt, and Pd 
on a zirconia support, we have shown that carbon deposits may be removed by oxidation 
at temperatures lower than 600 oC without changing the morphology of the catalyst 
[34]. As such, it may be a practical method to remove excessive coke from the catalyst.
Table 7 Carbon content of spent catalysts.


















XRD analysis (Table 3) shows the occurrence of reaction induced sintering as the 
sizes of the various metal clusters after reaction are considerably higher than for the 
fresh catalyst (100 – 200 Å for fresh to 260 – 1000 Å for spent catalyst). In addition, 
XRD shows that the NixCu1-x clusters observed in the reduced state for the carbon 
and zirconia based catalysts are absent after hydrotreatment only separate Ni and Cu 
particles were observed. An exception is NiCu/TiO2, which does not show NixCu1-x 
clusters in fresh catalyst, while such clusters are present after the reaction. This may 













an actual pyrolysis oil hydrotreatment than the reduction protocol used for the XRD 
analyses. The particle sizes of the NixCu1-x clusters on the spent NiCu/TiO2 catalysts are 
relatively small (120 Å) compared to those for the NiCu on alumina catalyst (230 Å). 
These findings may indicate that mixed NixCu1-x clusters are the key species for the 
relatively high hydrotreatment activity of NiCu/TiO2. 
XRD (Table 3) also reveals that the crystal structure of the TiO2 support does 
not change during the hydrotreatment reaction and remains in the anatase form. 
In addition, cerium carbonate hydroxide (CeCO3OH) is observed on spent NiCu/
CeO2-ZrO2 catalysts. Although this compound can be thermally decomposed to CeO2 
[39], the presence of CeCO3OH and its interaction with the active components may 
affect catalyst activity as well as leading to higher support leaching levels. For NiCu/
ZrO2 catalyst, the change of the ZrO2 crystalline structure from amorphous (reduced 
catalyst) to monoclinic and cubic (spent catalyst) is observed. As the surface areas of 
monoclinic and cubic are lower than amorphous ZrO2 [40], the structure change may 
contribute to the sintering of the NiCu on NiCu/ZrO2 catalyst. 
HRTEM/EDX confirms that sintering occurs during the hydrotreatment reaction. 
For example, for NiCu/ZrO2, the active metal particle size increases from ca. 5-10 nm 
prior hydrotreatment (Fig. 2(b)), to 10 - 100 nm on the spent catalyst (Fig. 9 (b)). For 
the spent NiCu/Sibunite, observation of sintering is cannot be done as nearly no metal 
is left on the structure. Fig. 9(a) shows a small metal particle under the carbon layer,
(a) (b)
Figure 9 TEM images of spent NiCu/Sibunite (a) and spent NiCu/ZrO2 catalysts after pyrolysis oil 
hydrotreatment (b).
4 CONCLUSIONS 
NiCu catalysts on various supports (CeO2-ZrO2, ZrO2, SiO2, TiO2, rice husk carbon 
(CRH), and Sibunite) have been tested for the hydrotreatment of pyrolysis oil in a 
batch set-up. The NiCu/TiO2 catalyst shows the best performance in terms of hydrogen 














based catalysts is inferior to the inorganic ones, which for the Sibunite based catalyst is 
(mainly) due to excessive catalyst leaching. The NiCu/TiO2 catalyst is not only the most 
active in the series but also a product oil with the most favourable properties (high H/C 
ratio (1.43), low TG residue (2.7 wt%) and highest solubility in the hexane-benzene 
mixture) was obtained. The potential of the product oils for co-feeding purposes is 
under investigation and will be reported in due course. Catalyst characterisation 
studies before and after reaction indicates the occurrence of NiCu leaching from 
the support, the actual extent being a function of the support, limited metal cluster 
sintering and coke deposition (max 13.4 wt% for the inorganic supports). The effect 
of these phenomena on the steady-state catalyst stability could not be assessed in the 
batch set-up used in this study and further studies in dedicated continuous set-ups for 
longer times on stream will be required for this purpose. 
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Catalytic hydrotreatment is an attractive technology to convert fast pyrolysis oil to 
stabilised products for co-processing in conventional crude oil refinery units. We here 
report the use of PiculaTM catalysts, novel NiCu and NiPd based catalyst supported 
on SiO2, La2O3, kaolin, ZrO2, and combinations thereof with a high Ni content (28.8-
58.3 wt%). Initial screening studies were performed in a batch autoclave (1 h at 150 oC, 
3 h at 350 oC, 200 bar initial pressure at 350 oC). A catalyst with high nickel loading 
(58.3 wt% Ni) and promoted with Pd (0.7 wt%) was found to be the most active, yielding 
upgraded pyrolysis oils with considerable improved properties compared to the crude 
pyrolysis oil (lower oxygen content, higher solubility in hydrocarbons and less tendency 
for coke formation). For almost all Picula catalysts (except the ZrO2 based), methane 
formation was considerably lower than for Ru/C, a benchmark catalyst in catalytic 
hydrotreatment of pyrolysis oil. The best noble metal free catalyst (Picula Cat D, 
57.9 wt% Ni, 7% wt% Cu on SiO2) was tested in a continuous bench scale unit with four 
packed beds in series at a range of process conditions (0.5 < WHSV < 1.0 kgPO./(kgcat.h), 
125-325 oC, 190-210 bar pressure). The reactor was run for 40 h without operational 
issues. Hydrogen uptakes were a function of process conditions and ranged between 
214 and 345 NL/kgPO. The results for the various runs were compared with Ru/C and 




















Lignocellulosic biomass is abundantly available and an attractive renewable feed for 
the production of second generation biofuels [1]. Various liquefaction technologies 
have been proposed to improve the volumetric energy density (MJ/m3) of biomass to 
allow for easier and cheaper logistics. A technology reaching the commercial market is 
fast pyrolysis [2-5]. During fast pyrolysis, the biomass feed is heated up rapidly in the 
absence of oxygen to 400-600 oC. The main product is fast pyrolysis oil (also referred to 
as “pyrolysis oil” or “bio-oil”) in yields up to 70 wt% on dry biomass basis. It is a viscous, 
brown oil that contains between 20 and 35 wt% water. It is immiscible with petroleum 
products, acidic and has limited storage stability due to the occurrence of irreversible 
oligo- and polymerisation reactions [6]. Due to these unfavourable characteristics, its 
application potential is still limited, for instance as a fuel in boilers (with modified 
injection systems) and in existing power plants.
In the European FP6 Biocoup project, the use of pyrolysis oil as a co-feed in existing 
oil refineries has been further explored [7, 8] to substitute part of the gasoline and diesel 
by renewable carbon, without the need to develop new infrastructure for distribution and 
handling. It is evident, however, that fast pyrolysis oils require some upgrading / modification 
to improve its product properties, mainly to enhance the miscibility with petroleum feeds, 
to reduce the acid content (to avoid excessive corrosion) and to improve thermal stability 
(and in particular the tendency for coke formation upon storage and heating).  
Various fast pyrolysis upgrading and modification technologies have been proposed. 
Examples are reactive blending with alcohols [9], catalytic and non-catalytic thermal 
treatments [10, 11], and catalytic hydrotreatment [8, 12-17]. Catalytic hydrotreatment 
of pyrolysis oil is a process where pyrolysis oil is reacted with hydrogen in combination 
with a solid catalyst. This process is also referred to as hydrodeoxygenation (HDO), 
though it is actually a combination of reactions such as polymerisation, (hydro)
cracking, deoxygenation and hydrogenation. Elevated temperatures (250-450 oC) and 
pressures (140 - 200 bar) are required [14, 18], while catalysts include noble metal based 
supported catalyst (Rh, Pd, Pt, and Ru) [19] and/or Ni based metal catalysts [20, 21]. 
The co-processing of Long Residue fractions and hydrotreated pyrolysis oils 
obtained with a Ru/C catalyst (oxygen contents > 5 wt%) was performed in a lab scale 
simulated FCC unit (MAT) [8]. At upgraded oil content of up to 20% in the feed, 
the yields of gasoline (44–46 wt%) and Light Cycle Oil (23–25 wt%) were obtained. 
These yields were close to those obtained when 100% long residue was used as the 
feed. In addition, no excessive increase of undesired coke and dry gas was observed. 
Experiments with undiluted upgraded oils were less successful, with dry gas and coke 
yields significantly higher than in case of co-feeding. This clearly demonstrates that 
co-processing is necessary to obtain good product yields. 
Based on process studies using Ru/C catalysts, a reaction network for the catalytic 
hydrotreatment of fast pyrolysis oil has been proposed in Chapter 2 of this thesis (see 
Scheme 1 in Chapter 2). In the initial phase of the hydrotreatment process, catalytic 


















Polymerisation leads to the formation of soluble higher molecular weight fragments 
which upon further condensation reactions give char. This route is not preferred and 
the rate of the polymerisation reactions should be reduced as much as possible. The 
preferred pathway involves hydrogenation of the thermally labile components in the 
pyrolysis oil feed to stable molecules that are not prone to polymerisation. Subsequent 
reactions (hydrogenation and hydrocracking) on a time scale of hours lead to products 
with reduced oxygen contents and ultimately to higher H/C ratios.
We have recently reported the use of cheaper Ni based catalysts as alternatives 
for noble metal based catalysts for the catalytic hydrotreatment of fast pyrolysis oil. 
Bimetallic NiCu catalysts on various supports (δ-Al2O3, CeO2-ZrO2, ZrO2, SiO2, TiO2, 
rice husk carbon, and Sibunite) were tested, and indeed led to products with improved 
properties [22, 23]. However, the rate of hydrogenation in the initial stage of the 
reactions appears to be low, and conditions are such that also thermal polymerisation 
reactions will take place. The development of more active hydrogenation catalysts is 
thus highly desirable. 
In this study, we report the use of a new family of hydrotreating catalysts based 
on bimetallic NiCu and/or NiPd complexes referred to as PiculaTM catalysts. These 
catalysts are characterised by high active metal loading on commercial supports and are 
stabilized by the addition of amongst others CeO2 and ZrO 2. A high Ni-content catalyst 
(Raney Nickel) has been reported as a catalyst for hydrodeoxygenation of a pyrolysis 
oil model compound (4-n-propylphenol) [24, 25], but to the best of our knowledge 
the use of such catalysts has not been reported for the catalytic hydrotreatment of fast 
pyrolysis oils, and is thus a novelty of this chapter. Initial catalyst screening studies 
were performed in a batch set-up to gain insights in the catalytic activity of the 
various catalysts and relevant product properties. Subsequent studies with a selected 
catalyst were carried out in a dedicated continuous reactor set-up. The effect of process 
conditions on product composition and properties was determined and the results are 
rationalised using a global reaction network. 



















2 MATERIALS AND METHODS
2.1 Materials
The fast pyrolysis oil used in this study was produced by VTT (Espoo, Finland) and obtained 
by fast pyrolysis of pine wood. The elemental composition of the oil is given in Table 1. Ru/C 
(5 wt% of Ru, SBET of 717 m2/g, surface weighted mean diameter of 6.8 μm) was obtained 
from Sigma-Aldrich. Hydrogen (purity > 99.99 %) was purchased from Linde. 




















awb = wet basis, db = dry basis
2.2 Catalyst preparation 
The composition of the catalysts used in this study is given in Table 2. Catalyst 
preparation details are given in a paper by Bykova et al. [26]. Cat C was prepared by 
mechanical mixing of Cat D with kaolin. 
2.3 Hydrotreatment of fast pyrolysis oil in a batch set-up
The hydrotreatment reactions using pyrolysis oil were performed in a 100 ml Parr 
reactor equipped with an overhead stirrer. Details of the set-up are given in previous 
papers by our group [27, 28]. The reactor was filled with 1.25 g of catalyst and pre-
reduced using 10 bar of H2 at 350 oC for 1 h. After reduction, the reactor was cooled to 
room temperature and 25 g of pyrolysis oil was injected. The reactor was then flushed 
with H2, and subsequently pressurised with H2 to 120 bar . The reactor was operated for 
1 hour at 150 oC, while being stirred at 1300 rpm, and subsequently the temperature 
was increased to 350 oC. The reactor was operated at 350 oC for another 3 h, after which 
the reactor was cooled to room temperature. A sample from the gas phase was taken at 
room temperature and analysed with GC-TCD. After opening the reactor, the product 
phase was collected, and centrifuged to separate the aqueous phase, organic phase and 
solids (including the spent catalyst). The weight of all phases was used as input for 
mass balance calculations. The organic phase was analysed using various techniques 
(see Section 2.4.1). The solid phase after liquid separation was treated with acetone. 


















acetone and remains at the bottom. The spent catalyst was isolated and dried. The 
amount of char on the catalyst is the difference of the weight of the spent catalyst and 
fresh catalyst intake. Other studies have shown that also some free floating char may 
be formed that is not present on the catalyst surface. This char typically has a density 
lower than acetone and floats on top of the acetone layer. For Picula catalysts, this type 
of char was not observed. For the Ru/C catalyst, both spent catalyst and free char have 
a density lower than acetone and cannot be separated by centrifugation.
2,4 Hydrotreatment of pyrolysis oil in a continuous set-up 
The continuous set-up for the catalytic hydrotreatment experiments consists of four 
packed bed reactors in series. Each packed bed reactor has a length of 40 cm and an 
inner diameter of 6 mm. Further details on the reactor have been reported in Chapter 
2 of this thesis. The reactors were filled with Cat D pellets (around 37 g/reactor), with 
an average particle size of around 1 mm. The catalyst was reduced by a continuous flow 
of hydrogen at a flow rate of 2 L/min at 350 oC for 2 h. After reduction, the reactor was 
cooled down to room temperature. Subsequently, pyrolysis oil was fed to the reactor 
at room temperature and atmospheric pressure. After a stable flow was reached, 
the reactor was pressurised with hydrogen, and the temperature of the reactor was 
increased slowly (in 1-2 h) to the pre-set value. The reactor was allowed to reach steady 
state and this point was set as the starting time of an experiment. The products (gas 
and liquid) were separated in a knock-out vessel. The gas was vented and the liquid 
was collected. The temperature, pressure, and flow of gas and liquid in and out of the 
reactors were recorded and the data was used as input for mass balance calculations.
2.5 Analyses of the reaction products 
GC-TCD. The composition of the gas phase from each experiment was determined using 
GC-TCD. A HP5890 Series II GC equipped with a CP Porabond Q (50 m x 0.5 mm, 
film thickness 10 μm) and a CP-Molsieve 5A (25 m x 0.53 mm, film thickness 50 μm) 
column was used for this purpose. The injector temperature was set at 150 °C; the detector 
temperature at 90 °C. The oven temperature was kept at 40 °C for 2 min, then increased to 
90 at 20 °C/min, and kept at this temperature for 2 min. Helium was used as the carrier gas.
Elemental Analysis. The elemental analysis was carried out using an EuroVector 
EA3400 Series CHNS-O with acetanilide as the reference. The amount of oxygen was 
determined by difference. 
Water content. The water content of the liquid organic phases was determined by 
volumetric Karl-Fischer using a Metrohm 702 SM Titrino. About 0.01 g of sample was 
introduced to an isolated glass chamber containing Hydranal solvent (Riedel de Haen). 
The titration was carried out using Hydranal Titrant 5 (Riedel de Haen). 
Thermogravimetric Analysis (TGA). TGA data of the liquid organic phases were 
determined using a TGA 7 from Perkin-Elmer. The samples were heated in a nitrogen 
atmosphere with a heating rate of 10 oC/min and a temperature range between 20 – 900 oC. 
Gel Permeation Chromatography (GPC). GPC analyses of the organic liquid phases 



















detector. Three columns in series of mixed type E (length 300 mm, i.d. 7.5 mm) were 
used. Polystyrene was used as a calibration standard. The organic phases were dissolved 
in THF (10 mg/mL) and filtered (pore size 0.2 μm) before injection. 
1H-NMR. 1H-NMR analyses of the crude pyrolysis oil and the organic product 
phases were recorded on a Varian AS400 at 400 MHz. The samples were dissolved 
in CDCl3, dried over MgSO4 to remove water, and filtered. For 1H-NMR spectra, 64 
repetitions and a 1 s relaxation delay was applied. 
GC-MS/FID. GC-MS/FID measurements of the pyrolysis oil and the organic 
phase of the hydrotreatment (product oil) were performed at the Johann Heinrich 
von Thünen Institute (vTI, Hamburg, Germany). All GC analyses were carried out on 
an Agilent 6890 systems coupled with parallel FI and MS detectors. Electron impact 
mass spectra were obtained using a 70 eV ionisation energy. The GC split was 1:15, 
the injector temperature was 250 °C, and an injection volume of 1 μl was applied. The 
temperature program for the oven was as follows: 45 °C for 4 min, heating with 3 °C/
min to 280 °C followed by 20 min at 280 °C. Helium was used as the carrier gas with a 
constant flow rate of 2 mL/min. 
Solubility. The solubility of the reaction products in a hydrocarbon mixture was 
determined by mixing 1 g of product with 2 g of an equimass mixture of n-hexane and 
benzene in a 10 ml test tube. The mixture was stirred in an ultrasonic bath for 5 minutes, 
heated to 40 oC for 30 minutes, and allowed to phase separate overnight at room temperature. 
The top phase, which was rich in n-hexane and benzene, was separated and weighed.
2.6 Definitions
2.6.1 Batch experiments
The H2 uptake for each experiment was calculated based on pressure and temperature 
recordings and gas phase compositions before and after the reaction and is expressed as 
NL/kgPO. Details of the calculations are already given in Chapter 3 of this thesis. The activity 
of the catalyst is determined from the H2 uptake, catalyst intake, and batch time (Eq. 1) 
and expressed as NLH2/(kgPO.gcat.h). Here, the activity may be based either on total catalyst 
intake or the amount of the active metals (sum of Ni and Cu/Pd) in the catalyst formulation.
(1)
2.6.2 Continuous experiments
The liquid yield for a continuous experiment was determined by weight differences of the 
feed and liquid in the production collection vessels. The hydrogen consumption (NL/kgPO) 
is measured by comparing the in- and outlet flow of hydrogen during a run. The inlet flow is 
set by a mass flow controller and recorded online. The outlet product gas flow is measured 



















The solubility of the upgraded oil in the hexane-benzene mixture was estimated as:
(2)
Where  is the mass of the hexane-benzene rich layer after equilibration 
and  phase separation and  the intake of the hexane-benzene mixture.The TG residue is defined as the residue after heating a product sample under a 
nitrogen atmosphere to 900 oC in a thermogravimetric analyser. This parameter is an 
indicator for the thermal stability of the product oil. 
(3)
3 RESULTS AND DISCUSSION
3.1 Catalyst composition 
Four Picula catalysts were tested, three with Ni and Cu as the active metals and one 
with Ni in combination with Pd (Table 2). The support consists of silica, either as such 
or in combination with kaolin or ZrO2/La2O3. The composition of the catalysts was 
analysed with ICP and the data are provided in Table 2. The sum of the active metals is 
higher than 30 wt% in all cases and up to 65 wt% for Picula Cat D. 
Table 2 Catalyst composition
Code Active metal loading (wt%) Support (wt%)
Picula Cat B Ni 58.3 Pd 0.7 SiO
2 
41
Picula Cat C Ni 28.8 Cu 3.7 SiO
2
 33.8 Kaolin 33.8
Picula Cat D Ni 57.9 Cu 7 SiO
2
 35.1









3.2 Catalyst screening studies with fast pyrolysis oil in a batch set-up.
Catalysr screening studies on the hydrotreatment of pyrolysis oil with Cat B – E were 
performed in a batch autoclave at an initial temperature of 150 oC (1 h) followed 
by 350 oC for 3 h. The initial pressure at 350 oC was about 200 bar. This two-stage 
heating profile was performed to reduce the tendency for coke formation [30]. For 



















compared with data obtained for Ru/C, an extensively studied catalyst for fast pyrolysis 
oil upgrading [8, 18, 31]. 
Relevant hydrogen uptakes and mass balance data are given in Table 3. The reaction 
results in the formation of two immiscible liquid phases, a red-brown organic phase 
(total 37.4 – 44.3 wt% on feed) and a clear aqueous phase (32.9-42.5 wt% on feed) 
and gas phase components other than hydrogen (8.0 – 9.4 wt% on feed). The organic 
liquid phase is transparent and has a density higher than the water phase (see Fig. 1 
for a product from Cat D), in contrast to the organic product using Ru/C, which has a 
density lower than the aqueous phase and has a dark-brown colour (Fig. 1). Hydrogen 
uptakes were between 160 and 270 NL/kg PO. Duplicate experiments were performed 
with Cat D and Cat E and the difference in the hydrogen uptake was less than 10%.
3.2.1 Char formation
When using Ru/C (Table 3) and NiCu catalysts with lower Ni metal loading (7.5-17.8 wt%) 
than reported here (28.8-58.3 wt%) [20, 32], an acetone insoluble char is formed that is 
separated from the reaction mixture by solvent addition/centrifugation [28]. This char 
was not observed for the Picula catalysts (Table 3). In addition, only minor amounts 
of char/coke are observed on the catalysts (< 3.3 wt%, Table 3). Apparently, the rate of 
char formation is less when using the Picula catalysts. These findings may explain the 
absence of reactor clogging when using the Picula catalysts in continuous runs (vide 
infra), a serious issue when using Ru/C catalysts. 
3.2.2 Gas phase components
Typical gas phase components formed during the catalytic hydrotreatment reactions 
are CO2, CO, CH4 and small hydrocarbons (C2 – C3). CO2 and CO are likely produced 
Table 3 Hydrogen consumption and mass balances for catalytic hydrotreatment of fast pyrolysis 
oil using Picula Cat B-Ea 
Catalyst Cat B Cat C Cat D Cat E Ru/C
Hydrogen uptake (NL/kg
PO
) 210 160 200 270 270
Yield (wet basis)
Product oil, wt% of feed 39.9 39.6 44.3 37.4 32.9
Aqueous phase, wt% of feed 32.9 39.1 35.3 42.5 43.7
Char (acetone insoluble), wt% of feedc - - - - 1.13
Coke deposited on the catalyst, wt% of feedd 2.3 3.3 1.3 2.1 ndb
Gas, wt% of feed 8.0 8.8 7.4 9.4 15.6
Mass balance closure, wt% 80.9 87.4 87.0 89.2 92.9
Oxygen content of product oil (wt%, dry) 16.6 15.0 16.8 12.9 12.0
Moisture content of product oil (wt%) 4.69 4.56 3.99 6.53 1.98
Carbon content in aqueous phase (wt%) 7.9 8.9 9.3 6.5 5.2
aAfter hydrotreatment at 150 oC (1 h) continued at 350 oC (3 h), with starting pressure of 120 bar H
2
 at RT, 


















by thermal decarboxylation/decarbonylation reactions of aldehyde/ketones and/or 
carboxylic acids in the pyrolysis oil [33]. CH4 is likely formed by either a secondary 
methanation reaction of CO2 and CO, [34, 35] or as a primary product from de-
methoxylation reactions of lignin fragments, or a combination thereof.
The amount of gas phase components formed during the catalytic hydrotreatment 
reactions is provided in Fig. 2. For Picula catalysts B, C and D, the amounts are a 
factor of two lower than for Ru/C, and particularly methane formation is reduced 
considerably. This is a very positive feature of the Picula catalysts, as lower methane 
production simplies lower losses of carbon and less hydrogen consumption. The only 
exception is Cat E, showing a methane yield close to that for Ru/C. The high methane 
formation rate for this catalyst may be due to either a low amount of Cu in the catalyst 
formulation and/or the presence of ZrO2. Ni is known to be capable of promoting the 
methanation of CO2 and CO, whereas the addition of Cu reduces this tendency [36, 
37]. For Cat E, the amount of Cu is the lowest of the catalyst formulations and this 
may lead to higher methanation rates. The presence of ZrO2 may also play a role. ZrO2 
is reported to be less inert than SiO2 for the hydrotreatment of pyrolysis oil (model) 
components [38]. For instance, it promotes hydrogenolysis of methoxy groups in 
guaiacol and favours the formation of catechol. 
3.2.3 Catalyst activity
The activity of the various catalysts, calculated based on the H2 uptake (Section 2.6), is 
depicted in Fig. 3. Cat E shows the highest activity among the Picula catalysts tested, 
and Cat C the least. The high activity of Cat E though, is an overestimation as this 
Cat D Ru/C
Figure 1 Liquid phases produced from batch experiment with Cat D (left) and Ru/C (right). Conditions: 



















catalyst produces large amounts of CH4 (2.27 mol/kgPO ). This reaction is not desired 
as it consumes large amounts of hydrogen without having a positive effect on the 
properties of the liquid organic phase.
When excluding Cat E, Cat B has the highest activity per g of catalyst, followed by Cat 
D. Both Cat B and Cat D contain similar amounts of Ni (58 wt%), the main difference 
is the presence of Pd instead of Cu for Cat B. In previous work [22], we have shown that 
supported Cu catalysts do not display hydrogenation activity, while Pd on a support is an 
active hydrogenation catalyst [13] and this likely explains the difference in catalytic activity.
Figure 2 Gas formation for the batch hydrotreatment of fast pyrolysis oil with Cat B – E. Conditions: 
150 oC (1 h) continued at 350 oC (3 h), with an initial pressure of 200 bar at 350 oC.
Figure 3 Catalyst activity for the Picula catalysts for the hydrotreatment of fast pyrolysis oil 
(hydrotreatment at 150 oC (1 h) followed at 350 oC (3 h), with total initial pressure of 200 bar at 350 oC; 


















3.2.4  Elemental composition, physical properties, and the molecular composition 
of the upgraded oils
The elemental composition of the upgraded oil obtained with Picula Cat B – E are 
shown in a van Krevelen plot given in Fig. 4. The elemental compositions of the product 
oils for the duplicate runs for Cat D and Cat E were within 5 wt% relative. The atomic 
O/C ratios of the upgraded oils fall within a narrow range (0.12 – 0.17), while the H/C 
ratios show a much wider spread (1.32 – 1.51). Apparently, it is not possible to achieve 
full oxygen removal under the prevailing conditions. In the graph, also the result for an 
experiment in the absence of a catalyst is provided. This results in the formation of a 
highly viscous paste with unfavourable properties [29]. This organic product (“paste”) 
has an O/C ratio in the range for catalysed reactions, but with far lower H/C ratio and 
as such the O/C ratio is not a good indicator for product performance. 
Product-property studies have shown that the properties of products with a higher 
H/C ratio [20] are better. In this respect, Cat B and D are preferred as they give rise 
to products with the highest H/C ratio, which are actually in the range of products 
obtained with reference Ru/C catalyst. 
Fig. 5 shows the H/C ratio of the upgraded oil versus the H2 consumption 
during the hydrotreatment reaction. As expected, for catalysts with a low methane 
production (Cat B, C and D), the H/C ratio of the upgraded oil correlates with the 
H2 consumption. Cat E and Ru/C both yield significant amounts of methane (Fig. 1), 
leading to higher hydrogen consumptions, explaining the deviations from the trend 
observed for the Picula B-D catalysts. 
We have recently reported that the residue after heating a sample to 900 oC in N2 
in a TGA device (TG residue) is a good measure for thermal stability [39]. It nicely 
correlates with the Conradson Carbon Residue (CCR) or micro carbon residue (MCRT) 
Figure 4 van Krevelen plot for the product oils (hydrotreatment at 150 oC (1 h) followed at 350 oC 



















as used in the petrochemical industry [40]. The TG residue for the organic products 
is given in Fig. 6. The values range between 0.7 and 6.0 wt%, which is a considerable 
improvement compared to the fast pyrolysis oil feed (11.6 wt%). Best results were 
obtained for Cat B (0.8 wt%), with a value close to that for Ru/C (0.7 wt%). The TG 
residue correlates nicely with the H/C ratio, with lower TG residues for products with 
a higher H/C ratio (Fig. 6). Such relations are also found for fossil fuels [41]. A possible 
explanation for this trend is that the hydrogenation of the reactive groups (aldehydes/
ketones, sugars) in the pyrolysis oil feeds lead to the formation of less reactive 
molecules (alcohols, aromatics, alkanes). The latter are less prone to coke formation at 
elevated temperatures [42]. High H/C ratios also indicate that the lignin fractions are 
converted into monocyclic compounds instead of large, condensed molecules such as 
polymeric aromatic hydrocarbons (PAHs). PAHs are known coke precursors [43] and 
their characterisation requires techniques not applied in this study. 
For co-feeding applications, it is desirable that the upgraded products have a higher 
solubility in hydrocarbons than the original fast pyrolysis oil feed. As such, the solubility 
of the upgraded oils in a model hydrocarbon mixture (hexane-benzene) was determined, 
see Table 4 for details. It is obvious that the upgraded oils are more soluble in the model 
hydrocarbon mixture than the fast pyrolysis oil feed. However, none of the upgraded 
oils obtained with Cat B – E has a solubility close to the product from Ru/C. Thus, the 
polarity of the product oils obtained with Cat B-E is apparently slightly higher than that 
for Ru/C, in line with the higher O/C ratios of products for the Cat B-E (Fig. 4). 
This was confirmed by 1H-NMR measurements of the upgraded oils. The 
percentages of protons in various classes of organic products in the oils were classified 
using a procedure reported by Mullen [44], see Table 5 for details. The main difference 


































Figure 5 H/C ratio of the product oils versus H2 consumption during the hydrotreatment of fast 


















Figure 6 TG residue versus the H/C ratio of the upgraded oil obtained from hydrotreatment at 150 oC 
(1 h) followed at 350 oC (3 h), with total initial pressure of 200 bar at 350 oC.
Table 4 Solubility of pyrolysis oil and upgraded oils in a mixture of hexane and benzene
Pyrolysis oil Cat B Cat C Cat D Cat E Ru/C






0.01 0.21 0.11 0.16 0.18 > 0.49
between the upgraded oils from the hydrotreatment with Picula Cat B-E and Ru/C is 
the presence of lower amounts of alkanes for the product obtained with Picula Cat B-E, 
which is expected to lead to a lower solubility in hydrocarbon solvents. Apparently, 
alkane formation is reduced for Cat B-D, indicating that hydrogenation of, for instance 
aromatics, occurs to a lesser extent with these catalysts than with Ru/C. 
The composition of the organic products of the hydrotreatment reactions was also 
analysed with GC-MS/FID and the results are given in Table 6. Important to note 
here is that organic compounds with larger molecular weights both in the pyrolysis 
oil feed and the upgraded oils cannot be detected by GC-MS/FID. This explains the 
low fraction of total identified compounds (19.5-31.9 wt%). Several general trends 
are visible when comparing the composition of the product oils and the fast pyrolysis 
oil feed. The small sugars (such as levoglucosan) and nonaromatic aldehydes (such as 
hydroxyacetaldehyde) disappear completely, which demonstrates the high reactivity 
of these compounds. The acid content tends to increase slightly after hydrotreatment, 
particularly when considering that the water phase produced during the hydrotreatment 
reaction also contains significant amounts of organic acids (Table 7, vide infra). This 
suggests that the organic acids are rather inert under these conditions. Additional 



















fast pyrolysis oil that are known to be able to form organic acids by acid catalysed 
reactions [45]. The amounts of non-aromatic ketones (such as cyclohexanone) slightly 
increases, which may be due to hydrogenation/hydrodeoxygenation of phenolics arising 
from the lignin-fraction in fast pyrolysis oil. The content of nonaromatic ketones in 
the upgraded oil from Ru/C is low, indicating further hydrogenation of ketones into 
alcohols and alkanes. Products obtained with Picula Cat B – E contains less alkanes 
than for Ru/C, in line with the 1H-NMR data.
Table 5 1H-NMR data for the upgraded oils obtained with picula Cat B-Ea
Shift, ppm Proton assignment [44] Pyrolysis Oil
Catalyst
Cat B Cat C Cat D Cat E Ru/C
10.1 - 9.5 Aldehydes 0.8 - - - - -
8.5 – 6.0 (hetero)-Aromatics 14.9 11.4 8.4 5.0 5.4 7.6
6.0 – 4.4 Methoxy, carbohydrates 15.6 -
4.4 – 3.0 Alcohols, methylene-
dibenzene
21.8 7.1 2.3 5.0 2.8 3.3
3.0 – 1.5 Aliphatics α- to heteroatom, 
or unsaturation
28.6 39.9 36.4 25.7 20.6 36.2
1.2 – 0.5 Alkanes 18.2 41.7 34.5 23.2 20.9 52.9
Aliphatics/aromatics 3.1 7.2 8.4 9.7 7.6 11.7
a
`
Numbers are in percentage of the total proton integration area
. 
The upgraded oils were obtained by a 
catalytic hydrotreatment at 150 oC (1 h) and 350 oC (3 h), at total initial pressure of 200 bar at 350 oC
Table 6 Composition by GC-MS/FID of the products oilsa (in wt%, wet) 
Pyrolysis Oil Cat B Cat C Cat D Cat E Ru/C
Acids 2.75 3.37 2.95 1.96 4.09 5.98
Nonaromatic Alcohols 0.24 4.53 0.98 2.82 1.96 0.34
Nonaromatic Aldehydes 7.44
Nonaromatic Ketones 4.18 15.79 10.25 12.15 9.21 4.07
Furans 2.67 3.88 1.34 3.39 3.39 2.02
Pyrans 0.88 0.64 0.08 0.33 0.20 0.19
Sugars 3.43 - - - - --
Catechols 0.05 - -- - - -
Aromatic Aldehydes 0.01 - - - - -
Lignin derived Phenols 0.07 1.11 1.21 1.03 1.48 2.69
Guaiacols (Methoxy phenols) 2.90 1.69 1.71 2.07 1.88 4.83
Alkanes 0.82 0.32 0.55 0.71 7.19
Miscellaneous 0.65 1.08 0.65 2.37 0.62 0.86
Total 25.27 32.91 19.48 26.66 23.55 28.15
aThe product oils were obtained by a catalytic hydrotreatment at 150 oC (1 h) followed by 350 oC (3 h), at 


















Table 7 Composition of the main components (in wt%, wet) in the aqueous productsa 
Catalyst
Cat B Cat C Cat D Cat E Ru/C
Methyl alcohol 1.54 1.58 1.98 0.39 0
Isopropyl alkohol 0.26 0.85 0.33 0.33 0
Acetic acid 3.34 5.44 3.66 4.02 3.39
Propanoic acid 0.60 0.98 0.61 1.00 0.68
Butyric acid 0.24 0.27 0.24 0.29 0.37
Pentanoic acid  0.06 0.06 0.06 0.08 0.02
a hydrotreatment at 150 oC (1 h) continued at 350 oC (3 h), with total initial pressure of 200 bar at 350 oC
3.2.5 Aqueous phase
The aqueous phases after the hydrotreatment reaction still contain 5.2 – 9.3 wt% 
carbon. Analysis with GC-MS/FID show that the main components are organic acids 
and alcohols. Phenolic compounds are also present, thought in very small amounts 
(around 0.01 wt%). As acetic acid is a valuable bulk chemical, the extraction of this acid 
from this phase will increase the economic feasibility of the pyrolysis hydrotreatment 
and has been studied in the framework of Biocoup [46].
3.2.6 Concluding remarks for the catalyst screening experiments
On the basis of the batch experiments, Cat B is the most promising catalyst as it 
produces a product oil with the highest H/C ratio (Fig. 4), lowest TG residue (Fig. 6), 
and highest solubility in a hydrocarbon mixture. The good performance may be due 
to the presence of the noble metal Pd, which is replaced by Cu for the other Picula 
catalysts. However, due to the high price of Pd (9798 US$/lb) compared to Cu (3.8 
US$/lb), [47], Cu based catalysts are preferred. Of the Cu promoted catalysts, Cat D 
gave the best performance in terms of methane formation (low) and product properties 
(high H/C ratio, low TG residue) and therefore Cat D was selected for further process 
studies in a continuous hydrotreatment set-up.
3.3 Hydrotreatment studies with Cat D in a continuous set-up 
3.3.1 General observations
The catalytic hydrotreatment of fast pyrolysis oil in continuous mode with Cat D was 
performed in a reactor configuration with four fixed bed reactor-in-series. A total 
of 5 experiments were performed at about 200 bar, at different temperature levels in 
each reactor (125 - 325 oC) and at WHSV values (indicated by sv in the experiment 
coding system) between 0.5 and 1 h-1 (Table 8). All experiments were performed with 
one batch of catalyst, with a cumulative runtime of about 40 h. Each experiment was 
performed for a minimum of 300 min. 
A typical gas composition during the hydrotreatment with Picula Cat D is given 



















Figure 7 Typical exit gas phase composition for fast pyrolysis oil hydrotreatment with Cat D (run data 
not provided in Table 8). Temperature profile: 125 – 325 oC, H2 pressure 200 bar.
reactor segments kept at 125, 250, 250 and 375 oC. During the test, the gas composition 
was stable during 25 h. The main gas phase component was CO2. The percentages of 
small hydrocarbons (CH4, C2-C3) were below 4 mol% and about constant throughout 
the run. The H2 content was also about constant, and around 90 mol%. 
The visual appearance of the liquid phase is a clear function of the process severity. 
In the low temperature range (125/sv0.5 and 125-175/sv0.6, see Table 8), a single-
phase dark brown liquid was obtained. For experiments at higher severities, starting 
with 125-275/sv0.5, two liquid phases are formed, a dark brown bottom organic phase 
and a slightly brown aqueous top phase. The hydrogen consumption increases for 
reactions at higher process severity, from 215 NL/kgPO for experiment t125/sv0.5 to 
345 NL/kgPO for experiment 125-325/sv0.6. The oxygen content of the organic phase 
decreases gradually with increasing process severity, from 37.8 wt% after experiment 
125/sv0.5 to 20.0 wt% after experiment 125-325/sv0.6. Carbon recovery in the liquid 
product ranges from 88 to 100 wt% of the carbon in the pyrolysis oil feed, and a limited 
production of gas phase components other than hydrogen was observed.
Fig. 8 shows the H2 consumption as a function of the time-on-stream for all 
experiments. Clearly, the highest uptake was observed for the experiments at the 
highest severity. For experiments 125-325C/sv0.6, 125-325C/sv1, 125-275C/sv0.7, and 
125C/sv0.5, the catalyst activity is about constant throughout the complete runtime. 
For experiment 125-175C/sv0.6 the initial hydrogen uptake is low and increases in the 
first 1-2 h of operation. Clear reductions in catalyst activity over the time on stream are 
absent, a strong indication that catalyst deactivation does not occur. Experiments to 


















Table 8 Reaction conditions and mass balances for the continuous hydrotreatment of pyrolysis 
































214 249 250 254 345
Liquid yield wt% of feed 97.4 98.6 79.6 94.4 93.5
Product oil yield wt% of feed 97.4 98.6 32.4 48.7 45.0
Aqueous phase yield wt% of feed 0.0 0.0 47.2 45.7 48.5
Oxygen content of product oil wt% 37.7 38.7 26.6 21.7 20.0
Water content of product oil wt% 20.75 20.3 13.41 9.41 9.7
Carbon distribution
Organic phase wt% 97.4 98.6 68.5 66.8 71.3
Aqueous phase wt% 55.1 20.5 23.5
Figure 8 Hydrogen uptake versus time-on-stream for continuous hydrotreatment with Cat D.
3.3.2 Reaction pathways for Cat D
The hydrogen uptake versus the oxygen content of the upgraded oil, a measure for the 
process severity [48], is given in Fig. 9. A hydrogen uptake of 210 NL/kgPO is observed 
at the lowest hydrotreatment severity (125C/sv0.6). A steady hydrogen uptake of about 
250 NL/kgPO is observed for the conditions between 125-175C/sv0.6 and 125-325C/sv1. 
The hydrogen uptake increases to 345 NL/kgPO at the most severe conditions applied 



















is significantly higher than reported for the hydrotreatment with Ru/C at comparable 
conditions (< 100 NL/kgPO) [18], indicating a higher hydrogenation activity for Cat D 
in the lower severity range. 
This high hydrogenation activity for the Picula Cat D in the low severity range is 
also evident from the van Krevelen plot of the product oils (Fig. 10). At low severity 
(low temperature, short residence time), the H/C values increase significantly, while 
the O/C ratios remain about constant. This is a clear indication for the occurrence of 
hydrogenation reactions. At more severe conditions (225-275 oC), the H/C and O/C 
ratios of the upgraded oils decrease, most likely by the release of water by dehydration 
reactions. At these conditions, the H2 uptake is constant and implies that at this severity, 
hydrogenation and dehydration occur in parallel (see Fig. 9) [18]. At higher severities, 
the H/C ratio increases slightly, an indication that the rate of hydrogenation is faster 
than the rate of dehydration.
The product oils obtained with Cat D at low severities (125C/sv0.6 and 125-175C/
sv0.6) have considerably higher H/C ratios than typically found for Ru/C at these 
conditions, again an indication that Cat D is a more active hydrogenation catalyst 
than Ru/C at low temperatures. The first hydrogenation step at low temperatures 
is associated with the catalytic hydrogenation of aldehyde and ketone groups of 
e.g. simple aldehydes/ketones as well as sugars (see the 1H-NMR and GC-MS/FID 
results in Table 5 and Table 6). Apparently, Cat D is more reactive towards these 
functional groups than Ru/C. This is an important finding, as in the first phase of 
the hydrotreatment, the rate of polymerisation versus the rate of hydrogenation 
determines critical product properties of the final product oil like product stability 
and viscosity, see Scheme 1 for details. In this early stage of the reaction, the rate of 
Figure 9 H2 uptake during continuous experiment with Picula Cat D. Reaction conditions are given in 


















Figure 10 Van Krevelen plot of the upgraded oil obtained from hydrotreatment of pyrolysis oil with 
Picula Cat D. Reaction conditions are given in Table 8. Solid line described dehydration path. The 
dashed line is for illustrative purposes only. 
hydrogenation should be as high as possible to avoid polymerisation leading to higher 
molecular weight fragments and ultimately to char. 
The validity of this hypothesis was also checked by determination of the average 
molecular weights of the product oils by GPC. When hydrogenation at low severity is 
fast compared to polymerisation, the molecular weight of the product oil is expected to 
be low and more or less constant. This indeed is the case, see Fig. 11 for details. Here, 
the mass-average molecular weights of the product oils are plotted versus the oxygen 
content of the oils, which is a measure for the process severity [18, 48]. For Cat D, the 
molecular weight is about constant in the range 175-325°C. These findings indicate 
that the polymerisation pathway does not occur to a significant extent for Cat D due 
to the fact that the hydrogenation reaction is much faster. For Ru/C however, a sharp 
increase in the molecular weight is observed when increasing the reaction temperature 
from 175 to 225 °C ([18], and Chapter 2 of this thesis), an indication that the rate of 
hydrogenation for Ru/C is lower than the rate of polymerisation.
The TG residues of the various reaction products for Cat D were also determined 
and the results are given in Fig. 12. At low severity, the TG residues drop from about 
8 wt% for the feed to about 4 wt% and remain more or less constant. The TG residues 
are considerably lower than found for Ru/C [18]. Thus, when stabilised oils with low 
TG residues are preferred, the use of Cat D is certainly a better choice than Ru/C.  
On the basis of the product properties of the upgraded oils obtained with Cat D, we 
can conclude that polymerisation is not occurring to a considerable extent. As a result, 
product oils with a lower molecular weight and a concomitant lower TGA residue is 
obtained. Thus, the reaction pathway for Cat D may be simplified considerably, see 



















Figure 11 Mw of the upgraded oils from continuous experiment with Cat D. Reaction conditions are 
given in Table 8. The line is for illustrative purposes only.
Figure 12 TG residues of the upgraded oils from continuous experiments with Cat D. Reaction 
conditions are given in Table 8. The line is for illustrative purposes only.



















PiculaTM catalysts (Cat B – E), Ni-based catalysts with a high metal loading (29-58 wt% 
on various supports (SiO2, kaolin, La2O3, ZrO2 , and combinations thereof) promoted 
with Cu (2.3-7 wt%) or Pd (0.7 wt%) are active catalysts for the hydrotreatment of fast 
pyrolysis oil. The catalysts show clear advantages compared to the benchmark Ru/C 
catalyst. Examples are low methane production rates, limiting the hydrogen usage, 
and low char formation rates. The latter is a clear advantage for continuous processing 
in packed bed reactors, and clogging by char formation, a typical phenomenon for 
Ru/C, was not observed for the Picula Cat D at extended times on stream. Detailed 
product analyses indicate that the reduced tendency for char formation is likely due 
to a high hydrogenation activity of the Picula catalysts in the low temperature range 
(below 200°C). Here, the rate of hydrogenation should be high compared to the 
rate of polymerisation reactions to avoid the formation of higher molecular weight 
fragments and eventually char. For Picula catalysts, this is certainly the case, whereas 
the hydrogenation activity of Ru/C is lower and in the range of the polymerisation 
reactions. Further study on the long term stability of Cat D in continuous set-ups and 
testing of the upgraded oils for co-processing in refinery units are in progress and will 
be published in due course. 
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The increase in global energy demand combined with environmental issues related to 
the use of fossil resources like oil, gas, and coal has led to a strong interest in renewable 
energy sources. Biomass is considered a very promising alternative, particularly for 
carbon based transportation fuels. Various technologies to convert biomass into 
biofuels have been developed. First generation biofuels from sugar based biomass 
sources, such as bioethanol from corn and sugar cane, and biodiesel from plant oils, 
are currently available on commercial scale. However, the use of sugar-based feeds and 
plant oils like palm oil for biofuel applications is under debate. This has stimulated 
research and development activities on the conversion of lignocellulosic biomass, like 
woody biomass and agricultural residues, to second generation biofuels.
A promising technology to convert lignocellulosic biomass to a liquid energy 
carrier is fast pyrolysis. The product, fast pyrolysis oil, or simply pyrolysis oil, can be 
transported and stored more easily than the biomass feed. Fast pyrolysis oil as such has 
limited applications, though the application range may be extended by upgrading the 
oil with appropriate technology. The research described in this thesis was carried out in 
the framework of the European FP-6 project BIOCOUP. One of the main objectives of 
this project was to establish the techno-economic feasibility of a value chain involving 
the conversion of lignocellulosic biomass into a product suitable for co-refining in 
existing oil refineries by fast pyrolysis and upgrading technology. In this way, part of the 
conventional fuels will originate from a renewable resource. The integration of biofuel 
upgrading with existing fossil infrastructure is expected to reduce the manufacturing 
costs of biofuels considerably and as such may facilitate the transition from fossil based 
economies to future biobased economies.
Catalytic hydrotreatment is an example of an attractive upgrading technology 
for fast pyrolysis oils and aims to improve important product properties (thermal 
stability, solubility in hydrocarbons, acidity). The process involves treatment of the 
pyrolysis oil feed with hydrogen in the presence of a heterogeneous catalyst at elevated 
temperatures and pressures, typically 200 – 400 oC and 100-200 bar. The research 
described in this thesis aims at the identification of active and economically attractive 
hydrotreatment catalysts and finding relations between hydrotreatment process 
conditions and product properties. 
To understand the reaction pathways involved in pyrolysis oil hydrotreatment, 
systematic studies at various temperatures and space velocities were performed in 
a continuous set-up (175 – 400 oC, WHSV’s of 2 to 10 kgPO/kgcat.h, and a hydrogen 
pressure of 200 bar) with a commercially available Ru/C catalyst (Chapter 2). Based 
on the molecular composition and the physical properties of the product oils (e.g, 
viscosity), two important pathways for the hydrotreatment process are proposed, viz 
a catalytic hydrogenation and a non-catalytic thermal pathway (Scheme 1). The non-
catalytic, thermal pathway involves polymerisation reactions that are undesirable as 
they have a negative impact on product properties. To promote the hydrogenation 







In Chapter 3, noble-metal (Rh, Pd, Pt) on ZrO2 catalysts were tested for the 
hydrotreatment of pyrolysis oil in a batch set-up. The catalysts were proven to be 
active, though the activity was lower than for the benchmark sulphided CoMo/Al2O3 
catalyst, presumably due to the low metal loading (0.5 wt%). ZrO2 was shown to be 
an attractive support as it retained its structural integrity after the hydrotreatment 
reaction and subsequent regeneration at 700 oC. Studies with Rh/ZrO2 revealed that the 
hydrotreatment pathways proposed for Ru/C (Scheme 1) also holds for these catalysts. 
Scheme 1 Proposed pathways for the hydrotreatment of pyrolysis oils over Ru/C
Although noble-metal catalysts showed good activity for the hydrotreatment of 
pyrolysis oil, their high prices make them less attractive for applications at large scale. 
Therefore, other cheaper transition metal catalysts were considered, such as Ni-based 
catalysts. The focus was on bimetallic Ni-Cu catalysts and a number of these catalysts 
were synthesised and tested in both batch and continuous set-ups. To promote the low 
temperature hydrogenation pathway, temperature profiles were applied, starting at relatively 
low temperature (125 – 150 oC) and followed by higher temperatures (325 – 350 oC).
To identify the optimum Ni and Cu content for the bimetallic catalyst, Ni-Cu 
catalysts on a δ-Al2O3 support with various Ni/Cu ratios and total metal contents 
of around 20 wt% were prepared (Chapter 4). Catalyst characterisation showed that 
addition of Cu to Ni lowered the reduction temperature of Ni from around 550 oC 
to around 300 oC. The catalysts were tested for the hydrodeoxygenation of a model 
compound (anisole) in a continuous set-up (300 oC, 10 bar) and the hydrotreatment of 
pyrolysis oil (batch autoclave, 1 h at 150 oC followed by 3 h at 350 oC, at 100 bar initial 
pressure). Good hydrotreatment/hydrodeoxygenation activities were found for the 
bimetallic catalysts. The monometallics with only Ni or Cu showed very low activities, 
an indication for synergic effects between Ni and Cu in the bimetallic catalysts. The 
catalyst with a Ni/Cu ratio of 8 showed the highest activity, which is likely related to 
the size and amount of NixCu1-x clusters on the catalyst surface as well as to limited coke 
formation and metal leaching during the hydrotreatment reaction. 
Further studies involved support effects on catalyst activity (Chapter 5). Both 
bimetallic NiCu catalysts on inorganic (CeO2-ZrO2, ZrO2, SiO2, TiO2) and organic 








Scheme 2 Proposed pathways for the hydrotreatment of pyrolysis oils over Picula Cat D
of pyrolysis oil in batch set-ups. Excessive Ni and Cu leaching was observed for NiCu/
CRH and NiCu/Sibunite, indicating that the interaction between Ni-Cu and the 
organic support is weaker than for the inorganic supports. NiCu/TiO2 was the most 
active catalyst and gave a product oil with improved product properties, like good 
thermal stability and solubility in a hydrocarbon solvent.
In Chapter 6, the synthesis of novel Ni-based catalysts on SiO2, La2O3, kaolin, and 
combinations thereof as the supports are described with, as special feature, high Ni 
contents (28.8 – 58.3 wt%, PiculaTM catalysts). Five Picula catalysts were screened for 
pyrolysis oil hydrotreatment in batch mode and their performance was compared to 
a commercial Ru/C catalyst. Picula Cat B (NiPd/SiO2, containing 58.3 wt% Ni and 
0.7 wt% Pd) was identified as the best catalyst. Picula Cat D (NiCu/SiO2, containing 
57.9 wt% Ni and 7 wt% Cu) also showed good performance and is supposedly a more 
attractive catalyst than Picula Cat B due to the absence of a noble metal. For Picula Cat 
D, systematic process studies were performed in a continuous set-up (125 – 325 oC, 
WHSVs of 0.5 - 1 kgPO/kgcat.h). Product property analyses revealed that polymerisation 
did not occur to a considerable extent, an indication that Picula Cat D is a highly active 
hydrogenation catalyst at low temperatures (Scheme 2). In addition, methane formation 













De toename in de wereldwijde energiebehoefte, gecombineerd met de milieuproblematiek 
die fossiele brandstoffen zoals olie, gas en kolen met zich mee brengen, hebben 
geleid tot een sterke interesse in hernieuwbare energiebronnen. Biomassa wordt 
gezien als een veelbelovend alternatief voor met name op koolwaterstof gebaseerde 
transportbrandstoffen. Er zijn diverse technologieën ontwikkeld voor de omzetting 
van biomassa in biobrandstoffen. De eerste generatie biobrandstoffen uit plantaardige 
oliën zoals palmolie staan onder publieke druk vanwege mogelijk negatieve effecten 
op de voedselproductie. Dit gegeven heeft onderzoek- en ontwikkelingsactiviteiten 
gestimuleerd naar tweede generatie biobrandstoffen, die lignocellulose rijke biomassa 
zoals hout en landbouwresiduen als grondstof gebruiken.
Een veelbelovende technologie om lignocellulose rijke biomassa om te zetten 
in een vloeibare energie drager is snelle pyrolyse. Het product, snelle pyrolysolie, of 
gewoon pyrolyseolie, kan makkelijker worden getransporteerd en opgeslagen dan de 
oorspronkelijke biomassa. Snelle pyrolyse olie heeft beperkte toepassing, echter het bereik 
zou kunnen worden uitgebreid door de olie op te werken met geschikte technologie. Het 
onderzoek in dit proefschrift is uitgevoerd in het kader van het Europese FP-6 project 
BIOCOUP. Een van de hoofddoelstellingen van dit project was de evaluatie van de 
techno-economische haalbaarheid van een conversietraject uitgaande van lignocellulose 
rijke biomassa tot een product dat geschikt is voor co-raffinage in bestaande raffinaderijen 
met behulp van snelle pyrolyse en opwerkingstechnologie. Op deze manier wordt een 
deel van de conventionele brandstof van hernieuwbare herkomst. Deze integratie van 
biobrandstof opwerking met bestaande fossiele infrastructuur zal naar verwachting de 
productiekosten van biobrandstoffen aanzienlijk verminderen en de overgang van een 
fossiele brandstof gebaseerde naar een bio-gebaseerde economie faciliteren.
Katalytische waterstofbehandeling is een voorbeeld van een aantrekkelijke 
opwerkingsmethode voor snelle pyrrolyseolie en is bedoeld om belangrijke 
product eigenschappen te verbeteren zoals thermische stabiliteit, oplosbaarheid in 
koolwaterstoffen en de zuurgraad. Het proces houdt in dat de pyrolyseolie met waterstof 
wordt behandeld in aanwezigheid van een heterogene katalysator bij verhoogde 
temperatuur en druk,  typisch tussen respectievelijk 200-400 °C en 100-200 bar. 
Het onderzoek in dit proefschrift beschrijft de identificatie van actieve en goedkope 
katalysatoren en de invloed van procescondities op de producteigenschappen.
Om de reactiepaden die een rol spelen bij de waterstofbehandeling van pyrolyseolie 
te kunnen begrijpen zijn systematisch bij verschillende temperaturen reactietijden 
proeven uitgevoerd in een continuopstelling bij 175-400 °C en 2 tot 10 kgPO/(kgkat.
uur) en een waterstofdruk van 200 bar met een commercieel verkrijgbare Ru/C 
katalysator (Hoofdstuk 2). Op basis van de moleculaire samenstelling en de fysische 
eigenschappen van de productolie (bijvoorbeeld viscositeit, thermische stabiliteit), 
zijn er twee belangrijke reactiepaden voor het proces voorgesteld, een katalytische 
hydrogeneringspad en een niet katalytisch, thermisch pad (Schema 1).  Het niet 










negatieve gevolgen hebben voor de producteigenschappen. Om het hydrogeneringspad 
te bevorderen zijn zeer aktieve katalysatoren nodig bij lage temperaturen (<200°C).
In Hoofdstuk 3 worden experimenten beschreven met edel metaal  katalysatoren 
zoals Rh, Pd en Pt op ZrO2 voor de waterstofbehandeling van pyrolyseolie in een batch-
opstelling. De katalysatoren bleken aktief te zijn, maar de aktiviteit was lager dan die 
van de referentie gesulfideerde CoMo/Al2O3 katalysator, waarschijnlijk door de lage 
metaalbeladingen (0.5 m-%). Er is aangetoond dat ZrO2 een aantrekkelijke drager is 
omdat de structuur intact blijft tijdens de reactie en opeenvolgende regeneratie bij 700 
°C. Proeven met Rh/ZrO2 toonden aan dat de voorgestelde reactiepaden voor Ru/C 
(Schema 1) ook geldig zijn voor deze katalysatoren.
Ondanks dat de edelmetaal-katalysatoren actief zijn, zijn ze minder interessant 
voor toepassing op grote schaal door de hoge kostprijs van de metalen. Vanwege 
commerciële overwegingen zijn goedkopere overgangsmetaal katalysatoren gebaseerd 
op Ni onderzocht waarbij de nadruk lag op het gebruik van bi-metallische Ni-Cu 
katalysatoren. Een aantal van dit type katalysatoren is gesynthetiseerd en getest in batch 
en continu opstellingen. Om polymerisatie te onderdrukken zijn temperatuurprofielen 
toegepast, en wel relatief lage temperaturen (125-150 °C) bij de start van de behandeling 
gevolgd door hogere temperaturen (325-350 °C).
Om het optimale Ni en Cu gehalte voor de bi-metallische katalysator te bepalen 
zijn verschillende Ni-Cu katalysatoren op een δ-Al2O3 basis bereid met verschillende 
Ni/Cu verhoudingen en een totaal metaalgehalte van ongeveer 20% (Hoofdstuk 
4). Katalysator karakterisatie heeft aangetoond dat toevoeging van Cu aan Ni de 
reductietemperatuur van Ni verlaagt van ongeveer 550 °C tot rond 300 °C. De 
katalysatoren zijn getest voor  een model verbinding (anisool) in een continu opstelling 
(300 °C, 10 bar) en de waterstofbehandeling van pyrolyseolie (batch autoclaaf, 1 uur 
bij 150 °C gevolgd door 3 uur bij 350 °C bij 100 bar begindruk). Goede activiteiten 
zijn aangetoond voor de bi-metallische katalysatoren. De katalysatoren met een Ni/Cu 
verhouding van 8 toonden de hoogste aktiviteit, dit is waarschijnlijk gerelateerd aan de 
grootte en de hoeveelheid NixCu1-x-clusters op het katalysatoroppervlak in combinatie 
met de beperkte coke vorming en uitspoeling tijdens de reactie.
Verdere experimenten betroffen bestudering van de effecten van het drager 
materiaal op de katalysator aktiviteit (Hoofdstuk 5). Bi-metallische NiCu katalysatoren 











Schema 2 Voorgestelde reactiepaden voor de waterstofbehandeling van pyrolyseolie met Picula 
katalysator D
op anorganische (CeO2-ZrO2, ZrO2, SiO2, TiO2) en organisch dragers (gecarboniseerde 
rijstkaf (CRH) en sibunite) zijn onderzocht in batch-opstellingen. Verhoogde Ni en 
Cu uitspoeling is waargenomen voor NiCu/CRH en NiCu/Sibunite, waarschijnlijk het 
gevolg van een zwakkere interactie tussen NiCu en het organische dragermateriaal dan 
voor de anorganische dragers. NiCu/TiO2 was de aktiefste katalysator en leverde een 
product olie met interessante produkteigenschappen zoals goede thermische stabiliteit 
en oplosbaarheid in een koolwaterstof.
In Hoofdstuk 6 wordt de synthese van nieuwe Ni- gedragen katalysatoren op SiO2, 
La2O3, kaolien en combinaties beschreven met hoge Ni beladingen (28,8-58,3 m-%, PiculaTM 
katalysatoren). Vijf Picula katalysatoren zijn onderzocht voor de waterstofbehandeling 
van pyrolyseolie in batch proeven en de resultaten zijn vergeleken met een commercieel 
verkrijgbare Ru/C katalysator. Picula Katalysator B (NiPd/SiO2, met 58,3 m-% Ni en 0,7 
m-% Pd) blijkt de beste katalysator. Picula katalysator D (NiCu/SiO2 met 57,9 m-% Ni 
en 7 m-% Cu) is ook een goed keuze en is mogelijk interessanter dan Picula B omdat het 
geen edelmetalen bevat. Voor Picula D zijn systematische proces proeven uitgevoerd in 
een continu opstelling (125-325 °C met verblijftijden van 0,5 - 1 kgPO/(kgkat.uur). Analyse 
van producteigenschappen tonen aan dat er geen significante polymerisatie optreedt, dit 
is een teken dat de PiculaTM katalysator D een zeer aktieve hydrogeneringskatalysator is 
bij lage temperaturen (Schema 2). Bovendien is de methaanvorming zeer beperkt, dit is 
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